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Lead-Bismuth Target Design for the Subcritical Multiplier (SCM)
of the Accelerator Driven Test Facility (ADTF)

Summary

A lead-bismuth eutectic (LBE) target design concept has been developed to drive
the subcritical multiplier (SCM) of the accelerator-driven test facility (ADTF). This report
gives the target design description, the results from the parametric studies, and the
design analyses including physics, heat-transfer, hydraulics, structural, radiological, and
safety analyses.

The design is based on a coaxial geometrical configuration to minimize the target
footprint and to maximize the utilization of the spallation neutrons. The target is installed
vertically along the SCM axis. LBE is the target material and the target coolant. Ferritic
steel (HT-9 alloy) is the selected structural material based on the current database and
the design analyses. Austenitic steel (Type 316 stainless steel) is the backup choice. A
uniform proton beam is employed to perform the spallation process. The proton beam
has 8.33-mA current and 8.14-cm radius resulting in a current density of 40 puA/cm?.
The beam power is 5 MW and the proton energy is 600 MeV. The beam tube has 10-
cm radius to accommodate the halo current. A hemi-spherical geometry is used for the
target window, which is connected to the beam tube. A conical target window with a
rounded tip is also considered since it has a lower average temperature relative to the
spherical geometry. The beam tube is enclosed inside two coaxial tubes to provide inlet
and outlet manifolds for the LBE coolant. The inlet and the outlet coolant manifolds and
the proton beam are entered from the top above the SCM. Several design constraints
are developed and utilized for the target design process to satisfy different engineering
requirements and to minimize the design development time and cost.

The geometrical configuration has been carefully designed to insure adequate
coolant velocity for cooling the target structural material and to enhance the LBE flow
stability. Detailed MCNPX geometrical models for the target and the subcritical
multiplier have been developed to define the target and the ADTF performance
parameters for the design process. Also, these models are used to generate the energy
deposition and flux contour maps, to calculate the nuclear responses in the structural
material, to optimize the target design parameters for satisfying the mission and the
design goals of the ADTF.

The neutrons for the subcritical multiplier are generated from the spallation process
driven by the 600-MeV proton beam. A small LBE buffer between the target and the
SCM is used based on design optimizations to reduce the irradiation damage in the fuel
elements from the scatter protons and the high-energy neutrons, to provide an adequate
manifold for the LBE coolant, and to maximize the spallation neutron fraction of the
subcritical multiplier. A special attention has been given to the target window design to
enhance its lifetime. The window volumetric heating is about 766 W/cm?® relative to 750
W/cm?® in LBE for a 40-pyA/cm? current density. The results show that the nuclear
heating from the proton beam diminishes at about 32 cm along the beam axis of the



LBE target material. In the structure material outside the 7-cm LBE buffer, the neutron
contribution to the atomic displacement is in the range of 98 to ~100% and the proton
beam contribution to the helium production is less than 3.5%. In the window, the
neutrons are responsible for 69% of the atomic displacement and the protons are
generating more than 96% of the gas production rate.

Thermal hydraulic analyses were performed to define the velocity distribution and
the flow stability of the lead-bismuth eutectic as well as the temperature distribution in
the target structure and the target coolant. The hydraulic results were used to update
the geometrical configuration and to improve the flow stability. Parametric analyses
were performed and iterated with the other design analyses to define the reference
geometrical configuration. The thermal hydraulics results show that the outlet
temperature of LBE is 280°C for an inlet temperature of 200°C. The LBE average
velocity is 2 m/s and the total pressure drop is ~32 psi. The peak temperatures on the
adiabatic and the wetted surfaces of the beam window are 502 °C and 341 °C,
respectively, for the 3.5-mm thick beam window.

Structural analyses were performed parametrically in conjunction with the thermal
hydraulics to check the design compliance with the stress and the buckling design
criteria developed for the Accelerator Production of Tritium project and the International
Thermonuclear Experimental Reactor for irradiated structural materials. Also, the results
are used to select the shape and the thickness of the beam window to maximize the
engineering margins. The results show that the target structure including the beam
window satisfies the structural design criteria for irradiated HT-9 with 72 dpa. This level
of irradiation will allow the target to operate for more than full power year. However,
most of the HT-9 database is obtained from fission irradiation, which needs to be
confirmed for the target operating conditions including the influence of the high-energy
neutron and the proton fluxes.

Radiological analyses were performed to define the spallation products. These
products define the radiological toxicity and the decay heat source from LBE as function
of the time after shutdown. The design analyses utilize the decay heat source to check
the design performance during abnormal conditions with respect to the maximum
allowed temperature for the structural material. Also, the dose rate from the gamma
rays of the LBE spallation products was calculated to define the required input for
calculating the appropriate time and the shielding requirements for maintaining the
target system. The loss of flow analysis show that the management of the decay heat in
the ADTF LBE target design does not require an active engineering system for the
decay heat removal.



l. Introduction

A spallation target design has been developed to generate the required neutron
source for the subcritical multiplier (SCM) of the accelerator driven test facility (ADTF).
The ADTF is a major nuclear research facility that will provide multiple testing and
production capabilities. The main ADTF mission includes the capability to assess
technology options for the transmutation of spent nuclear fuel and nuclear waste through
proof-of-performance demonstrations; the ability to operate as a user facility that allows
testing advanced nuclear technologies and applications, material science and research,
experimental physics, and conventional nuclear engineering science applications; and
the capability, through upgrades to produce radioisotopes for medical and commercial
purposes.

Multiple experimental target stations are envisioned to accommodate the mission.
The principal target station consists of a spallation target and a SCM with a power rating
up to 100 MW. This SCM will provide the prototypic environment necessary to support
the transmutation proof of performance. In addition, a target and material test station
will be used to test a wide range of target designs, fuel assemblies, and coolants for
developing components for the SCM. The work presented in this report is intended to
cover the analyses and the design of the SCM lead-bismuth target.

The spallation target design is based on a coaxial geometrical configuration to
satisfy the SCM configuration requirements for minimizing the space requirements and
to maximize the SCM utilization of the spallation neutrons. The target is installed
vertically along the SCM axis. Lead-Bismuth Eutectic (LBE) is the target material and
the target coolant. Ferritic steel (HT-9 alloy) is the selected structural material for the
target based on the current database and the design analyses. Austenitic steel (Type
316 stainless steel) is the second choice. A uniform proton beam is employed to
perform the spallation process. The beam power is 5 MW and the proton energy is 600
MeV. The inlet and the outlet coolant manifolds and the proton beam are entered from
the top above the SCM. The LBE flow cross-section area is maintained at a constant
value along the axial direction to maintain a constant average velocity, which improves
the target hydraulic design. The geometrical configuration has been carefully designed
to insure flow stability and adequate cooling for the beam window and the structure
material. Target design objectives were defined to guide the design process. Several
design constraints are defined and used in the target design process to satisfy different
engineering requirements, to minimize the design development time and cost, to insure
a satisfactory operating performance, and to maximize the operating lifetime of the
target structural material.

Physics analyses were performed using the Monte Carlo code MCNPX [1] to
account for the geometrical details, the spallation process, and the production and the
transport of the spallation particles and photons. Parametric analyses were performed
to study the neutron yield, the neutron energy spectrum, the buffer size between the
target and the subcritical multiplier, and the nuclear responses in the beam window.
Also, the neutronic performance of the SCM with MK-IlIl EBR-II fuel (driver fuel) was



analyzed with the target to define the SCM neutron flux, the energy deposition in the
system, and the lower reflector to protect the lower SCM grid. The fast neutron flux is a
key performance parameter for testing nuclear fuel. The energy deposition distribution
in the different zones is also calculated.

Thermal hydraulic analyses were performed to define the velocity distribution and
the flow stability of the lead-bismuth eutectic and the temperature distribution in the
target structure and the target coolant. Also, the hydraulic results were used to update
the geometrical configuration and to improve the flow stability. Parametric analyses
were performed and iterated with the other design analyses to define the reference
design.

Structural analyses were performed parametrically in conjunction with the thermal
hydraulics to check the design compliance with the stress and buckling design criteria
developed for the Accelerator Production of Tritium project [2] and the International
Thermonuclear Experimental Reactor [3] for irradiated structural materials. Also, the
results are used to select the shape and thickness of the beam window to maximize the
engineering margins.

Radiological analyses were performed to define the spallation products. These
products define the radiological toxicity and the decay heat source from the lead-
bismuth target material as function of the time after shutdown. The design analyses
utilize the decay heat source to check the design performance during normal and
abnormal conditions with respect to the maximum allowed temperature for the structural
material. Also, the dose rate from the gamma rays of the LBE spallation products was
calculated to define the required input for calculating the appropriate time and the
shielding requirements for maintaining the target system.

The report describes the different studies and the obtained results as well as the
reference target design. The main parameters for the target and the subcritical
multiplier are defined based on detailed MCNPX analyses. The neutron flux maps, the
nuclear responses, and the energy deposition distributions are generated for the target
and the subcritical multiplier.

Il Design objectives and constraints

The main objective of the target design is to generate the required neutron source
to drive the SCM. The neutrons are generated from the spallation process driven by the
600-MeV proton beam. The beam has a total power of 5 MW and it has a uniform
spatial distribution over the beam cross-section area. The SCM design requires a small
target diameter to simplify the fuel and the target replacement procedures, to reduce the
neutron losses in the beam direction, to decrease the shield volume, and to lower the
required number of the SCM fuel assemblies for a specific power level. However, the
structural material and the heat transfer considerations require a large beam diameter to
reduce the energy deposition and the irradiation damage densities in the beam window.
A 40-pyA/cm? current density was selected as a compromise to satisfy the engineering



requirements for the window design and to extend it's operating life without a significant
impact on the SCM design. The other main objectives for the target design are to
protect the SCM from the high-energy protons and neutrons, to contain the spallation
products, to help achieving the availability goal of the facility, and to reduce the shut
down time for target replacement during normal and abnormal conditions. Also, the
target has to generate a uniform neutron source along the beam axis as much as
possible to minimize the SCM axial power peaking.

Several design constrains are imposed on the target design process to satisfy
different engineering requirements and to minimize the design development time and
cost. Existing structural materials, ferritic steel (HT-9) and type 316 Stainless Steel (type
316SS) are the selected structural material for the target design. Lead-Bismuth Eutectic
(LBE) is used as a target material and coolant to simplify the design. The surface
temperature of the structural material in contact with the LBE is limited to less than
550 °C to reduce erosion and corrosion concerns. This temperature limit assumes that
the coolant chemistry is controlled to maintain an oxide layer on the structural material
surface for corrosion protection. The stress analysis of the irradiated structural materials
limits the maximum temperature to less than 550 and 600 °C for HT-9 and type 316SS,
respectively. The average coolant velocity is limited to ~2 m/s based on the current
database to avoid erosion and corrosion concerns. The coolant pressure is minimized
to avoid high primary stresses in the structural material. The coolant inlet temperature is
200 °C, which provides adequate design margin above the LBE melting point of 129 °C.
The outlet temperature is constrained by the maximum allowable temperature for the
structural material. Heat conduction to the back shine shield in the beam tube, natural
convection, and radiation to the sodium pool are used for decay heat removal. These
objectives and constraints are utilized to develop the current LBE target design
presented in this report.

ll. Design description

The proton beam has a total current of 8.33 mA distributed uniformly over a circular
cross section. The beam radius is 8.14 cm with a current density of 40 uA/cm?. The
beam tube has 10-cm radius to accommodate the halo current. A hemi-spherical
geometry is considered for the target window, which is connected to the beam tube. A
conical target window with a rounded tip is also considered since it has a lower average
temperature relative to the spherical geometry. The beam tube is enclosed inside two
coaxial tubes to provide inlet and outlet manifolds for the LBE target coolant. The
double function of the LBE as a target material and coolant does simplify the design.
The radii of these tubes were adjusted to achieve the same average velocity in the inlet
and the outlet manifolds. The outer manifold is used for the inlet flow to improve the
coolability of the beam window. The edge of the inside tube between the inlet and the
outlet flow is terminated with a rounded fairing to improve the flow stability. The fairing
is tangent to the inlet side surface of the middle wall and extends into the outlet flow
field. The geometrical details of the reference target design are shown in Figure 1. A
guard tube is used to enclose the target design. It provides a confined space to check
and contain any LBE leakage. Also, this space provides a buffer between the SCM



sodium pool and the LBE. Helium gas at low pressure is used to fill this space. HT-9 is
the selected structural material and type 316SS is the backup. The LBE oxygen
concentration is maintained in the range of 10 to 10 at% to avoid corrosion concerns.

The beam tube enters the subcritical multiplier building horizontally as shown in
Figure 2 above the subcritical multiplier. Then the beam is bended 90° to reach the
subcritical multiplier. The vertical section of the beam tube is ~14.1 m after the last
bending magnet. The coolant manifolds have a vertical length of about 10.1 m before
changing direction to connect horizontally with the external section of the LBE loop.
Pressurized helium gas is used to heat the target tubes before the target is filled with the
LBE material. Also, helium is utilized to drain the LBE using a small vertical tube(s) of
~1-cm diameter, which reaches the target bottom section. In the target replacement
procedure, the LBE is drained before the target tubes are disconnected for removal.
The overhead crane is used to pull the empty target structure inside a target
replacement cask.

Inside the guard tube, chemical and pressure sensors are used to check for Na or
LBE leakage to shut down the target operation. This early warning avoids the possibility
of mixing the two fluids, which reduces the maintenance down time and improves the
safety performance. The beam tube vacuum is also monitored to detect any LBE
leakage through the beam window.
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IV. Physics design

Detailed MCNPX models were developed that include the target, the SCM, and the
sodium pool to perform target, buffer, parametric, and SCM design analyses. Mark-IlI
EBR-II driver fuel is used for the SCM. In these models, all the secondary particles from
the spallation process are transported and the nuclear responses are tallied. In all the
calculations, the fuel loading was adjusted to achieve a total system power of 100 MW.
The proton beam power is 5 MW and the proton energy is 600 MeV. The beam window
has a current density of 40 uA/cm?.

IV.1. Target length

The first step in the analyses is to define the required target length to stop the
proton beam and the axial energy deposition profile. The energy deposition profile is
shown in Figure 3 as a function of the distance alone the beam axis with 0.5-cm thick
steel window. The required target material length is ~32 cm to stop the 600-MeV
protons. The peak energy deposition is 796 W/cm?® at 1.75 cm from the LBE surface.
Table 1 gives the nuclear responses in the target window for iron, which represent a
good simulation for the HT-9 alloy. In the beam window, the neutrons are responsible
for 69% of the atomic displacement and the protons are generating more than 96% of
the gas production rate.
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Figure 3. LBE axial energy deposition



Table 1. Target window nuclear responses

Energy deposition, W/cm?® 766.49
Atomic displacement, dpaly
Neutrons 46.2
Protons 21.1
Total 67.3
Helium production, appm/fpy
Low energy neutrons < 20 MeV 5.7
High energy neutrons > 20 MeV 50.2
Protons 1437.3
Total 1493.2
Hydrogen production, appm/fpy
Low energy neutrons < 20 MeV 6.3
High energy neutrons > 20 MeV 1010.1
Protons 26753.1
Total 27769.5

IV.2. Buffer Size

The MCNPX model was used to define the target buffer size taking into
consideration the total neutron yield from the target, the spallation neutron fraction
utilized by the subcritical multiplier, and the nuclear responses in the structural material
next to the target. The analysis was performed as a function of the buffer thickness.
The cross section areas required for the inlet and the outlet manifolds define the
minimum buffer thickness, which is 7 cm. The results show that the number of spallation
neutrons per proton has low sensitivity to the buffer thickness as shown in Figure 4. It
reaches a saturation value at a buffer thickness of ~40 cm. The saturation value is
about 1.14 times the value obtained with the 7-cm minimum buffer thickness. However,
the number of spallation neutrons reaching the multiplier is significantly reduced as the
buffer thickness is increased. This is shown in Figure 5 where this number drops from
7.8 neutrons per proton with 7-cm buffer to ~3.3 neutrons per proton with 40-cm buffer.
The axial neutron leakage is increased as the buffer thickness is increased. This
requires the target design to reduce the buffer thickness as much as possible.

The nuclear responses in the structural material outside the buffer zone are shown
in Figures 6 through 8 as a function of the axial distance along the buffer boundary for
different buffer sizes. For a small buffer thickness, the results show that the peak values
of the different nuclear responses occur near the SCM midplane. As the buffer
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thickness increases, the peak values of the gas production, helium and hydrogen, shift
to the top section of the subcritical multiplier. On the other hand, the maximum atomic
displacement stays at the SCM midplane. This means that the SCM fission neutrons
are causing most of the nuclear responses for the small buffer thickness. For a constant
total power of 100 MW, as the buffer thickness increases, the SCM volume increases to
compensate for the increased neutron leakage. Therefore, the SCM average power
density and the nuclear responses, which are dominated by the fission neutrons are
decreased. This explains the change in the gas production distribution as shown in
Figures 7 and 8 where the contribution from the spallation neutrons are noticeable at the
top of the target and decrease along the target length for the large buffer sizes.
However, the atomic displacement distribution maintains the peak value at the SCM
midplane because the SCM fission neutrons are the main contributor.

The nuclear responses at the SCM midplane are shown as a function of the
reciprocal of the outer buffer radius in Figure 9. The results show a good linear fit
because the fission neutrons dominate the reaction rates at the SCM boundary. The
other important parameter for the structural material performance is the helium to atomic
displacement ratio. Figure 10 shows this ratio as a function of the buffer thickness,
which is in the range of 0.1 to 0.3. This ratio is about 0.26 for HT-9 in a typical fast
reactor spectrum. These results show that the 7-cm buffer thickness protects the
structural material from the nuclear responses caused by the high energy neutrons (E>
20 MeV), utilizes most of the spallation neutrons for driving the subcritical multiplier, and
has adequate cross section area for the inlet and the outlet coolant manifolds. The
lifetime of the structural material around the buffer will depend on the operating
temperature, the nuclear response, and the loading conditions.
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IV.3. Reference design

The previous analysis shows that a 7-cm thick buffer satisfies the physics and the
engineering design requirements for the target design. An MCNPX analysis was
performed using this buffer size to define the main characteristics of the spallation
neutrons. The neutron spectrum was calculated over the radial boundary of the buffer
because these neutrons drive the subcritical multiplier. The neutron spectrum peaks in
the energy range of 0.6 to 0.7 MeV as shown in Figure 11. The high-energy tail extends
all the way up to ~600 MeV, which is shown in Figure 12. Each proton generates a total
of 10.95 neutrons including 0.68 neutrons with energy above 20 MeV. The number of
neutrons reaching the subcritical multiplier is 7.61 neutrons per proton. The neutron
percentage with energy above 20 MeV entering the subcritical multiplier or leaking from
the buffer top section is 6.4%. On the other hand, this percentage is 12.3 for the
neutrons leaving the bottom target section, which shows the forward peaking of the
high-energy neutrons. The change in the slope of the neutron spectrum at 20 MeV
shown in Figure 12 may be caused by the MCNPX calculational method. Under 20
MeV, MCNPX uses ENDF/B-VI nuclear data library for the neutron physics calculation
while high-energy models are used above 20 MeV.

The spatial distribution of the spallation neutrons in the axial direction has a direct
effect on the power distribution in the subcritical multiplier. Figure 13 shows the axial
distribution of the spallation neutrons calculated at the radial boundary of the buffer.
The total distribution peaks at ~12 cm from the upper surface of the lead-bismuth
material while the high-energy neutrons (above 20 MeV) peak at ~14.5 cm. The peak to
the average is 1.33 and the peak to the minimum is 4.11. The impact on the power
distribution of the subcritical multiplier is shown in section VIII.
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V. Thermal hydraulic design

First, parametric thermal hydraulic analyses were performed to determine the
temperature distribution in the target materials and the velocity distribution of the lead-
bismuth eutectic as a function of the target design parameters. The results are used to
select the target flow direction with respect to the beam window, to modify the target
geometry for increasing the flow stability, and to reduce the thermal gradient in the
structure material. The best two cases were selected for structural analyses to check
the compliance with the structural design criteria and to define the beam window service
lifetime. Then, the thermal hydraulics and the structural analyses were iterated to satisfy
all the design constraints and to define the reference design. In this process, the
thermal gradient and the peak structural temperature were reduced as much as possible
to reduce the total stresses within the structure material and to maximize the operating
lifetime of the target structure. This section gives the details of the thermal hydraulic
analyses performed for this study.

As previously mentioned, the proton beam has a uniform radial distribution on the
beam window. The proton beam power is of 5 MW, which results in 3.7 MW deposited
in the target materials. The axial power deposition profile in the LBE target material is
shown in Figure 3, where the ordinate is the energy deposition density and the abscissa
is the proton beam penetration depth. The solid structure of the liquid LBE target is
fabricated from a steel alloy. The large temperature difference between the melting and
the boiling temperatures of the LBE material eliminates concerns about coolant phase
change since the coolant temperature increase is relatively small. On the other hand,
the temperature gradient and the peak temperature of the structure material require
careful considerations to satisfy the design requirements given in section Il. Specifically,
the peak temperature of the structural material is the main concern since the
temperature gradient is set by the steel thermal conductivity for a specific heat load.
The inlet coolant conditions are set to insure that the peak liquid-solid interface
temperature is less than 550 °C for HT-9. Furthermore, the inlet conditions are set so
that the average flow velocity does not exceed 2 m/s to reduce erosion or corrosion
concerns in the target system.

V.. Parametric analyses

The initial LBE target concept, shown in Figure 14, is an axisymmetric annular
geometry in which the central cylinder is the proton beam tube. In the initial target
design, LBE enters the target through the inner annulus, moves through the bulk target
region downstream of the beam window where the proton beam enters the target
configuration, turns 180 degrees about the baffle cylinder, and exits the target through
the outer annulus. The initial inlet temperature is 370 °C and the inlet velocity is 2 m/s
with a uniform profile. This inlet temperature is the same as the sodium inlet
temperature of the SCM. The structure material is type 316SS or HT-9 with a uniform
wall thickness of 5 mm throughout the target. This case is used as the starting case for
the parametric study of the thermal hydraulic characteristics of the ADTF liquid LBE
target.

17



> Outer Wall

Inner Wall

Figure 14. Cross-sectional view of the initial LBE target concept

The parametric thermal hydraulic evaluations considered the two structural
materials (type 316SS and HT-9), two different inlet temperatures, two different flow
paths with respect to the beam window, and geometrical variations. While type 316SS
structure exhibits more desirable machining and fabrication properties, HT9 exhibits
more desirable corrosion resistance properties and higher thermal conductivity. In order
to insure that LBE remains liquid throughout the system, the minimum inlet temperature
must be above 180 °C. An inlet temperature of 200 °C is considered for the target
system. Since the inlet and the outlet manifolds of the target section use coaxial tubes,
the inlet LBE will be heated before it reaches the target section. In the analyses, the
inlet temperature for the target section is 220 °C to account for the heat transfer from the
hot to the cold manifold. The actual inlet temperature is expected to be less than the
220 °C value used for the parametric analyses. The inlet and outlet manifolds are
reversed for some cases to examine the effect on the local heat transfer coefficients in
the heated region. The study also includes a number of geometric variations, with
alterations made in the inclination of the inner or middle walls and the conic beam
window replaced with a hemi-spherical section. The parametric cases considered are
summarized in Table 2.

The thermal hydraulic characteristics of the LBE target are dominated by three
primary characteristics of the proposed target design. First, energy is deposited
volumetrically in the bulk target region of the flow field. Second, the energy deposition
rate in the solid structure within the beam window region is significant. Finally, a
compact 180-degree turn in flow direction is needed to provide a return path to the
outlet. These characteristics limit the applicability of existing analytical and empirical
correlations for evaluating the temperature and the velocity profiles within the system.
Therefore, the primary thermal hydraulic evaluations were performed using the
commercially available Computational Fluid Dynamics (CFD) software package
Star-CD [4].

All the cases use the high-Reynolds number k-g¢ turbulence model to predict
turbulent flow characteristics, and the logarithmic law-of-the-wall to predict near wall
characteristics. The dimensionless flow parameter y+ is typically used to measure the
applicability of these models for a given flow distribution and computational mesh
structure. Sufficient mesh refinement is used in each case to obtain y+ values between
30 and 300 in the heated regions, indicating that the turbulence model can provide
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reasonable predictions in these regions. Further mesh refinement is needed in the
vicinity of the tip of the middle wall to obtain acceptable y+ values in this region since the
mesh refinement used in these studies results in y+ values between 50 and 1200. While
further refinement of the mesh in this region appears to have little impact on the heat
transfer in the heated regions of the target, the results of these studies should be used
to predict general trends rather than absolute distributions at the tip of the middle wall.

Table 2. Cases considered in the thermal hydraulic parametric study

Case Conical | Middle Wall| Material Inlet Flow
Beam Angle Temperature| Direction
Window (degree) (°C)
Angle
(degree)

1 45 30 Type 316SS 370 Normal
2 45 30 HT9 370 Normal
3 45 30 HT9 220 Normal
4 45 30 Type 316SS 370 Reversed
5 45 30 HT9 370 Reversed
6 45 30 HT9 220 Reversed
7 45 40 Type 316SS 370 Normal
8 45 40 HT9 370 Normal
9 45 40 HT9 220 Normal
10 45 40 Type 316SS 370 Reversed
11 45 40 HT9 370 Reversed
12 45 40 HT9 220 Reversed
13 55 30 HT9 220 Reversed
14 65 30 HT9 220 Reversed
15 Spherical 30 HT9 220 Reversed

Case 1

The target geometry considered in this case is the initial LBE target concept with
the initial parameters. The inlet temperature is 370 °C, and the nominal uniform inlet
flow velocity is 2 m/s. The structural material is type 316SS and all the structural
components have 5 mm thickness. The thermal hydraulic behavior of this case was
evaluated using an axisymmetric model consisting of 43264 cells. The calculation is
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performed as a steady state simulation using the PISO solution algorithm [4] and upwind
differencing methodologies. The results of the CFD evaluation are shown as a series of
contour plots in Figure 15.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 1374 °C and 711 °C, respectively. The peak surface and internal
temperatures of the middle wall, the turning baffle, are 494 °C and 639 °C, respectively.
The mean fluid temperature in the portion of the target considered in the model is
407 °C. The vector velocity predictions indicate the development of a toroidal
recirculation zone in the exit channel near the tip of the middle wall, or turning baffle.
The development of this type of flow pattern in a steady state solution is often indicative
of unsteady transient flow behavior. The pressure drop for the portion of the target
considered in this model is 0.112 MPa. The predictions from this case indicate that the
initial design concept does not satisfy the required temperature limits of the structural
material.

Case 2

The target geometry considered in this case is the initial LBE concept. The inlet
temperature is 370 °C and the uniform inlet flow velocity is 2 m/s. The structural
material is HT9 instead of type 316SS with a uniform thickness of 5 mm. The case-1
thermal hydraulic model is used for the analysis and the results from the CFD
calculation are shown as a series of contour plots in Figure 16.

The peak temperatures on the adiabatic and the wetted surface of the beam
window are 1204 °C and 646 °C, respectively. The peak surface and the internal
temperatures of the middle wall, the turning baffle, are 494 °C and 601 °C, respectively.
The mean fluid temperature in the portion of the target considered in the model is
406 °C. As with previous results, the vector velocity predictions indicate the
development of a toroidal recirculation zone in the exit channel near the tip of the middle
wall. The pressure drop for the portion of the target considered in this model is 0.112
MPa as in the previous case. The results from this case show a reduction in the
temperature distribution within the beam window relative to the previous case with type
316SS. However the peak temperatures continue to exceed the design requirements.

Case 3

The target geometry considered in this case is the initial LBE target concept. The
inlet temperature is reduced to 220 °C to reduce the peak window temperature. As in
the previous two cases the uniform inlet flow velocity is 2 m/s. Also, the structural
material is HT9 steel with 5 mm uniform thickness. The same thermal hydraulic model
of the previous two cases is used for the analysis and the results from the CFD
calculation are shown as a series of contour plots in Figure 17.

The peak temperatures on the adiabatic and the wetted surfaces of the beam

window are 1034 °C and 475 °C, respectively. The peak surface and internal
temperatures of the middle wall are 323 °C and 431 °C, respectively. The mean fluid
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temperature in the portion of the target considered in the model is 256 °C. As with
previous results, the vector velocity predictions indicate the development of a toroidal
recirculation zone in the exit channel near the tip of the middle wall. The results from
this case show an improvement in the temperature distribution within the beam window
relative to the previous two cases. The pressure drop did not change from the previous
two cases. However the peak temperatures continue to exceed design requirements.

Case 4

The target geometry considered in this case is the initial LBE target concept. The
inlet temperature is changed to the initial temperature of 370 °C, and the nominal
uniform inlet flow velocity is maintained at 2 m/s. However, the flow direction is reversed
so that the fluid enters through the outer annulus rather than the inner annulus. The
structural material is type 316SS steel with 5 mm uniform thickness. The same thermal
hydraulic model of the previous cases is used for the analysis and the results from the
CFD calculation are shown as a series of contour plots in Figure 18.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 1035 °C and 461 °C, respectively. The peak surface and internal
temperatures on the middle wall are 480 °C and 645 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 417 °C. Similar to the
previous results, the vector velocity predictions indicate the development of a toroidal
recirculation zone in the exit channel near the tip of the middle wall. The pressure drop
for the portion of the target considered in this model is 0.187 MPa. The temperature
results of the beam window are similar to the results from the previous case with the
inlet LBE temperature of 220 °C and HT-9 steel instead of 370 °C and type 316SS. This
shows that reversing the flow direction reduces the peak temperate of the beam window.

Case 5

The target geometry considered in this case is the initial liquid LBE concept. The
inlet temperature is 370 °C, and the nominal uniform inlet flow velocity is maintained at 2
m/s with reversed flow direction. The structural material is changed to HT9 steel with
5 mm uniform thickness. The same thermal hydraulic model of the previous cases is
used for the analysis and the results from the CFD calculation are shown as a series of
contour plots in Figure 19.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 867 °C and 462 °C, respectively. The peak surface and internal
temperatures on the middle wall are 481 °C and 608 °C, respectively. Similar to the
previous case, the mean fluid temperature in the portion of the target considered in the
model is 417 °C. Also, the vector velocity predictions indicate the development of a
toroidal recirculation zone in the exit channel near the tip of the middle wall. The
pressure drop for the portion of the target considered in this model is 0.187 MPa.
However, the peak temperature of the window is 165 °C less than the previous case due
to the use of HT-9 instead of type 316SS.

Case 6
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The target geometry considered in this case is the initial LBE concept. The inlet
temperature is reduced to 220 °C and the nominal uniform inlet flow velocity of 2 m/s is
maintained. Also, the flow direction is reversed and the structural material is changed to
HT-9 steel with 5 mm uniform thickness. The same thermal hydraulic model of the
previous cases is used for the analysis and the results from the CFD calculation are
shown as a series of contour plots in Figure 20.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 697 °C and 292 °C, respectively. The peak surface and internal
temperatures on the middle wall are 311 °C and 438 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 246.9 °C. The results
from this case provide significant improvement in the temperature distribution within the
beam window structure over all cases considered up to this point.

Case 7

In this case, a modified target concept is used in which the angle of the middle wall
with the centerline is increased from 30 degrees to 40 degrees to increase the average
velocity at the beam window. The inlet temperature is 370 °C and the nominal uniform
inlet flow velocity is 2 m/s. The flow enters the target through the inner annulus as in the
initial concept. The structural material is type 316SS steel with a 5 mm uniform
thickness. The thermal hydraulic model of the previous cases was updated and used for
the analysis and the results from the CFD calculation are shown as a series of contour
plots in Figure 21.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 1338 °C and 664 °C, respectively. The peak surface and internal
temperatures on the middle wall are 1310 °C and 534 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 426 °C. As with
previous results, the vector velocity predictions indicate the development of a toroidal
recirculation zone in the exit channel near the tip of the middle wall. The pressure drop
for the portion of the target considered in this model is 0.111 MPa. The results from this
case indicate that this geometrical modification slightly reduces the beam window
temperature distribution relative to the first case. However, peak temperature in the
middle wall significantly increases as more heat is deposited in this component of the
structure because it is moved closer to the beam window. Also, the LBE velocity in the
inlet section near the middle wall is reduced, as shown in Figure 21a, which contributes
to the temperature increase.

Case 8

In this case, the modified target concept is used in which the angle of the middle
wall with the centerline is increased from 30 degrees to 40 degrees. The inlet
temperature is 370 °C and the nominal uniform inlet flow velocity is 2 m/s. The inlet flow
is through the inner annulus. The structural material is HT-9 with 5 mm uniform
thickness. The same thermal hydraulic model of the previous cases is used for the
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analysis and the results from the CFD calculation are shown as a series of contour plots
in Figure 22.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 1180 °C and 663 °C, respectively. The peak surface and internal
temperatures on the middle wall are 1108 °C and 534 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 426 °C. This case
provides a slight improvement relative to case 7 as a result of the higher thermal
conductivity of the HT9 steel. However, the peak temperature in the middle wall is
significantly higher than the corresponding value of case 2 with the initial geometry.

Case 9

In this case, the modified target concept is used in which the middle wall angle is
40 degrees. The inlet temperature is 220 °C and the nominal uniform inlet flow velocity
of 2 m/s is maintained. The inlet flow is through the inner annulus. The structural
material is HT-9 with a 5 mm uniform thickness. The same thermal hydraulic model of
the previous cases is used for the analysis and the results from the CFD calculation are
shown as a series of contour plots in Figure 23.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 1010 °C and 492 °C, respectively. The peak surface and internal
temperatures on the middle wall are 364 °C and 938 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 256 °C. The results
of this case show that the peak temperature of the structural material does not satisfy
the design requirements. Also, the modified geometry provides a slight reduction in the
beam window temperature relative to case 3. However, the peak temperature in the
middle wall is still significantly higher than the corresponding value from case 3.

Case 10

In this case, the modified target geometry is used in which the angle of the middle
wall with the centerline is increased from 30 degrees to 40 degrees. The inlet
temperature is 370 °C and the nominal uniform inlet flow velocity is 2 m/s. However, the
flow direction is reversed so that the fluid enters through the outer annulus rather than
the inner annulus. The structural material is type 316SS steel with 5 mm uniform
thickness. The same thermal hydraulic model of the previous cases is used for the
analysis and the results from the CFD calculation are shown as a series of contour plots
in Figure 24.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 1033 °C and 462 °C, respectively. The peak surface and internal
temperatures on the middle wall are 505 °C and 1347 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 416 °C. As with the
previous results, the vector velocity predictions indicate the development of a toroidal
recirculation zone in the exit channel near the tip of the middle wall. The pressure drop
for the portion of the target considered in this model is 0.185 MPa. The results show
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that reversing the flow direction in the modified target geometry results in a significant
improvement in the peak beam window temperature relative to case 7. However, the
peak middle wall temperature increases slightly over the corresponding value of case 7.
Peak temperatures in both walls are well in excess of the design requirements. Also,
the peak middle wall temperature is much higher than the corresponding value of case 4
while the other peak temperatures are about the same.

Case 11

In this case, the modified target geometry is used in which the angle of the middle
wall with the centerline is increased from 30 degrees to 40 degrees. The inlet
temperature is 370 °C and the nominal uniform inlet flow velocity is 2 m/s. The flow
direction is reversed so that the fluid enters through the outer annulus rather than the
inner annulus. The structural material is changed to HT-9 from the previous case with 5
mm uniform thickness. The same thermal hydraulic model of the previous cases is used
for the analysis and the results from the CFD calculation are shown as a series of
contour plots in Figure 25.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 865 °C and 463 °C, respectively. The peak surface and internal
temperatures on the middle wall are 506 °C and 1143 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 416 °C. The results
show that reversing the flow direction in the modified target geometry results in a
significant improvement in the peak beam window temperature relative to case 8.
Again, the peak middle wall temperature increases slightly over the corresponding value
of case 8. Peak temperatures in both walls are well in excess of the design
requirements. Also, the peak middle wall temperature is much higher than the
corresponding value of case 5 while the other peak temperatures are about the same

Case 12

In this case, the modified target geometry is used in which the angle of the middle
wall with the centerline is increased from 30 degrees to 40 degrees. The inlet
temperature is 220 °C, and the nominal uniform inlet flow velocity is 2 m/s. The flow
direction is reversed so that the fluid enters through the outer annulus rather than the
inner annulus. The structural material is HT-9 from with 5 mm uniform thickness. The
same thermal hydraulic model of the previous cases is used for the analysis and the
results from the CFD calculation are shown as a series of contour plots in Figure 26.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 694 °C and 293 °C, respectively. The peak surface and internal
temperatures on the middle wall are 336 °C and 973 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 246 °C. The results
show that reversing the flow direction in the modified target geometry results in a
significant improvement in the peak beam window temperature relative to case 9.
Again, the peak middle wall temperature increases slightly over the corresponding value
of case 9. Peak temperatures in both walls are well in excess of the design
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requirements. Also, the peak middle wall temperature is much higher than the
corresponding value of case 6 while the other peak temperatures are about the same.

Case 13

In this case, the beam window angle with the centerline is increased from 45
degrees to 55 degrees. The inlet temperature is 220 °C and the nominal uniform inlet
flow velocity is 2 m/s. The flow enters through the outer annulus and exits through the
inner annulus. The structural material is HT-9 steel with 5 mm uniform thickness. The
same thermal hydraulic model of the previous cases is modified and used for the
analysis. The results from the CFD calculation are shown as a series of contour plots in
Figure 27.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 693 °C and 288 °C, respectively. The peak surface and internal
temperatures on the middle wall are 309 °C and 435 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 247 °C. As with the
previous results, the vector velocity predictions indicate the development of a toroidal
recirculation zone in the exit channel near the tip of the middle wall. The pressure drop
for the portion of the target considered in this model is 0.193 MPa. The predicted peak
temperatures from this simulation are nearly equal to the peak temperatures from case
6, indicating that a 10-degree increase in the angle of the beam window has little effect
on the peak temperatures in this concept.

Case 14

This case is similar to the previous case except the beam window angle with the
centerline is increased from 55 degrees to 65 degrees. The same thermal hydraulic
model of the previous cases is modified and used for the analysis. The results from the
CFD calculation are shown as a series of contour plots in Figure 28.

The peak temperatures on the adiabatic and the wetted surfaces of the beam
window are 691 °C and 287 °C, respectively. The peak surface and internal
temperatures on the middle wall are 308 °C and 433 °C, respectively. The mean fluid
temperature in the portion of the target considered in the model is 247 °C. The pressure
drop for the portion of the target considered in this model is 0.197 MPa. As with
previous results, the vector velocity predictions indicate the development of a toroidal
recirculation zone in the exit channel near the tip of the middle wall. The predicted peak
temperatures from this simulation are nearly equal to the peak temperatures from
case 6, indicating that a 20-degree increase in the angle of the beam window has little
effect on the peak temperatures in this concept.

Case 15
In this case, the cone shaped beam window is replaced with a hemi-spherical

beam window. The inlet temperature is 220 °C and the nominal uniform inlet flow
velocity is 2 m/s. The LBE fluid enters through the outer annulus and exits through the
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inner annulus. The structural material is HT-9 steel with 5 mm uniform thickness. The
thermal hydraulic behavior was evaluated with an axisymmetric model consisting of
45840 cells. The calculation is performed as a transient simulation using the PISO
solution algorithm and upwind differencing methodologies, although a steady state
solution is obtained in this calculation. The transient method is used to minimize the
effects of slight mesh distortions resulting from the implementation of the hemi-spherical
beam window in the model on the convergence of the calculation. Comparisons of
transient and steady state calculations for selected cases indicate little variation in
predicted temperature and velocity profiles between transient and steady state
evaluations. The results of the CFD evaluation are shown as a series of contour plots in
Figure 29.

The peak temperature of the adiabatic and the wetted surfaces of the beam
window are 692.2 °C and 367.1 °C, respectively. The predicted peak surface and
internal temperatures in the middle wall are 363.5 °C and 439.3 °C, respectively. The
mean fluid temperature in the portion of the system considered is 247.9 °C. As with
previous results, the vector velocity predictions indicate the development of a toroidal
recirculation zone near the tip of the middle wall, the turning baffle. The pressure drop
for the portion of the target considered in this model is 0.192 MPa. The results from this
case are very close to the results of case 6.

Comparison of the results from the parametric study

Since structural temperature distributions are used in the design criteria of this
conceptual design phase, the peak surface and peak structural temperatures for the
beam window and the middle wall are compared. The results of the 15 cases included
in the initial parametric study are summarized in Figure 30. None of the cases
considered in this initial study clearly satisfy the maximum temperature design limit.
However, general trends from the parametric study provide vital information needed to
develop a conceptual design that satisfies the limit. Cases with the flow enter in the
outer annulus show lower peak temperatures relative to the other cases. Cases with the
middle wall angle increased provide small reduction in the beam window temperature
distribution while the middle wall peak temperatures are significantly increased. For
conical beam windows, changing the cone angle has little impact on the temperature
distribution. The use of 220 °C inlet temperature is essential to reduce the temperature
distribution in the target structure. A small difference is observed between the
temperature distribution of the conical (case 6) and the hemi-spherical (case 15) beam
windows. A detailed comparison of the adiabatic and the wetted surfaces temperatures
on the beam windows of the two cases is shown in Figure 31. While the stagnation
point at the centerline of the hemi-spherical beam window in case 15 raises the
temperatures in that region above those seen in the cone-shaped beam window of
case 6, the remainder of the temperature distributions along both surfaces of the each
beam window geometry are nearly identical. Therefore, both concepts can be
considered for developing a reference design.
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Figure 15. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 1
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Figure 16. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 2
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Figure 17. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 3
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Figure 18. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 4
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Figure 19. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 5
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Figure 20. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 6
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Figure 21. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 7

33



VELOCITY MAGHNITUDE
'S

5.817
5402

4.956
‘ 4.571
/ 4155

3.740
3.324
£.909
2493
2.07d
1.662
1.247
0.8310
04155
0.

(a)

TEMPERATURE
ABSOLUTE
KELWIM

11649.
11335
1087
1061.
1024,
958.3
952.2
916.0
g73.9
843.7
g07.6
7714
7353
£99.1
£E3.0

(b)

TEMPERATURE

ABSOLUTE
KELWIM
1452,
1395,
1339,
. 1283,
) 1226,
1170

AN 1114
‘ 1057.
N 1001,

3447
Baa.4
832.0
7757
7194
B30

(c)

Figure 22. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 8
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Figure 23. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 9
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Figure 24. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 10
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Figure 25. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 11
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Figure 26. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 12
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Figure 27. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 13
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Figure 28. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 14

40



YELOCITY MAGHNITUDE
P

7832
. 7273

6714
F154
5.595
5135
4476
3916
3357
2797
7 738
1678
11149
05595

0.

(a)

TEMPERATURE
ABSOLUTE
KELWIM

£39.9
. £23.4

515.9
B84
597.9
5574
576.9
5664
555.9
5455
535.0
524.5
5140
503.5
4930

(b)

TEMPERATURE
ABSOLUTE
KELWIM

965.0
. 5313

897.6
863.8
830.1
796.4
762.7
729.0
£95.3
B61.6
£27.9
5341
SB0.4
526.7
4330

(c)

Figure 29. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case 15
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V.2. Beam window thickness

In the parametric study, none of the cases considered satisfy the peak temperature
limit. A reduction in the beam window thickness is needed to satisfy this design
constraint. Based upon the solution of the one-dimensional conduction equation for a
slab geometry,

m

T:_g—kxz_C»]X"’Cz, (1)

the temperature difference between the adiabatic and the wetted surfaces of a slab of
material of thickness L is given by

m

ATsIab = %LZ . (2)

Using this relation, the temperature difference between the adiabatic and the
wetted surfaces of a slab is shown in Figure 32 for the two steel alloys under
consideration. From these calculations, the CFD results can be extrapolated for
different beam window thicknesses. For cases 6 and 15, a reduction in wall thickness of
1 or 2 mm will reduce the peak temperature to ~550 or 500 °C, respectively. This
extrapolation does not account for changes in heat flux through the wetted surface and
the resulting changes in surface temperature that result from reducing the wall
thickness. Consideration of these neglected factors in a more thorough analysis would
tend to result in a further reduction in the peak temperature on the adiabatic surface as
the thickness is reduced.
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Figure 32. Temperature difference between the adiabatic and the wetted surfaces of the
beam window for varying wall thickness
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V.3. Coaxial geometry effect on the LBE inlet temperature

In each of the cases considered in the parametric study, only a segment of the total
manifold length of the inlet and outlet are included in the model. This segment is
sufficiently long to insure fully developed velocity and turbulence profiles in the inlet and
outlet manifolds. However, it is not sufficiently long to account for the total heat transfer
between the cold and the hot LBE flowing through the coaxial manifolds. Using the
mean temperature rise obtained from the target parametric study, the heat transfer
between the inlet and outlet manifolds can be estimated using standard annular flow
heat transfer correlations.

For a counter-current, concentric tube heat exchanger, the heat transfer between
the two channels is given by:

Q = MpiCpAThot = MegigCpATeoy = UALTAT, (3)
where U is the overall heat transfer coefficient, given by:
1
uot/—+R,, +
hin h

and AT, is the log mean temperature difference, given by [5]:

1

out

AT, = (Thot,in - Tcold,out ) - (Thot,out - Tcold,in)
Im —
|n( Thot,in B Tcold,out j (5)

Thot,out - Tcold,in

The local heat transfer coefficients, hcoq and hyet, are calculated using the correlation of
Sabin [6],

Nu=5.8+0.02 Pe®8, (6)

which is valid for liquid metal coolants in narrow concentric tube annuli with a constant
heat flux conditions at the heat transfer surface. The overall heat transfer coefficient
between the inlet and outlet flow paths of the ADTF target is predicted to be
approximately 5700 W/m?C.

The mean temperature rise in the target portion included in the CFD model is
approximately 58.2 °C for all cases in the parametric study. Using equation 4, the
expected temperature rise in the inlet manifold of the target can be evaluated as a
function of the mean temperature rise in the target portion included in the CFD model as
shown in Figure 33 for HT-9 steel tubes. The estimated temperature rise in the cold
manifold of the target is approximately 34.6 °C for HT-9 steel and 32.6 °C for type
316SS. These estimates assume perfect conduction at the interface between liquid and
solid and take no account for the surface conditions. In this system, an oxygen level will
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be maintained to avoid corrosion concerns by forming oxide coating on the steel
surfaces, which will increase the thermal resistance of these tubes. An inlet temperature
rise of 20 °C was assumed for the parametric study for all the cases. Because of the
oxide formation and the assumed 20 °C increase in the inlet temperature, the peak
temperatures predicted in the parametric study will not increase further due to the heat
transfer in the manifold section of the target system.
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Figure 33. LBE temperature in the inlet and outlet annular manifolds as a function of the
mean temperature rise in heated region of the target

V.4. Geometrical modifications for flow stability

In all the cases of the parametric study, the formation of a toroidal recirculation
zone was predicted as the fluid turns around the middle wall. Since toroidal recirculation
zones do not exist in a stable state, this prediction is likely an indication of a local
transient instability in the region near the predicted recirculation zone. Indeed, it is well
known that 180 degrees annular turns about a thin walled baffle induce instability in the
exit flow channel. ldelchik [7] recommends several control strategies for reducing the
severity of the instability resulting from annular turn geometries. However, it should be
noted that these guidelines do not insure a fully stable flow field. They insure only that
the impact of the instability on the temperature and pressure distributions within the
system is minimized.
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To increase the stability of the flow field in the target area, the middle wall should
be modified so that it's leading edge near the end cap terminates in a rounded fairing
with a radius of at least 0.7 cm at the tip. The fairing should be tangent to the inlet side
surface of the middle wall and extend into the outlet flow field. Additionally, the radius of
curvature of the outer wall in the region near the 180 degrees turn should be in the
range of 3.89 to 7.57 cm. Finally, the distance between the leading edge of the middle
wall and the end cap should be in the range of 3.12 to 4.27 cm.

Using the results of the parametric study and the above geometrical
recommendations, an ADTF liquid LBE target concept, shown in Figure 1 was
developed. While altering the shape of the middle wall effects the target temperature
distribution, the shape of the beam window region can be altered as needed to meet
mechanical and thermal stress requirements with little impact on the temperature
distribution in the target. The wall thickness of the beam window should be in the range
of 3.5 to 4 mm to satisfy the thermal hydraulic design requirements assuming an inlet
temperature of 200 °C. Also, the LBE fluid should enter the target through the outer
annulus and exits through the inner annulus. For stability reasons, a rounded fairing
should be added to the entire circumference of the inner surface of the middle wall.
Since the conic shape of the end cap provides no significant benefit to flow stability, it
can be replaced with a simple end cap. This replacement reduces the complexity of the
design, simplifies the fabrication procedure, and enhances the structural performance of
the target design.

V.5. Reference design

Design iterations including thermal hydraulics, thermal stresses, and structural
analyses were performed to define the reference target design. The thermal hydraulic
characteristics of the evaluated target geometries were simulated using the
commercially available CFD code Star-CD [4], and the temperature distribution of the
target structure was transferred to the structural analyses. Four cases were analyzed
based on the results from the thermal hydraulic parametric study and the structural
analyses. The first case, case A, considers the reference design with a cone-shaped
beam window region that has a uniform thickness of 4 mm. Also, the beam tube wall
has a uniform thickness of 4 mm and the remaining walls have a thickness of 5 mm.
The second case, case B, is based upon the first case, with the beam tube wall
thickness and the beam window thickness reduced to 3.5 mm. The third case, case °C,
replaces the cone-shaped beam window of the second case with a hemi-spherical beam
window that has a uniform thickness of 3.5 mm. The final case, case D, considers the
3.5 mm thick hemi-spherical beam window with a 5 mm thick beam tube.

In all cases, the simulation uses a uniform inlet velocity of 2 m/s and an inlet
temperature of 220 °C. Sufficient inlet and outlet manifold length is included to insure
fully developed velocity and temperature profiles. The PISO solution algorithm is used
with upwind differencing methodologies to obtain a steady state solution for the velocity,
turbulence, pressure, and temperature fields. Velocity and temperature profiles for the
four cases are shown in Figures 34 through 37.
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Figure 34. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case A
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Figure 35. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case B
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Figure 36. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case C
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Figure 37. LBE target concept contour plots showing (a) fluid velocity, (b) fluid
temperature, and (c) structural temperature profiles for case D
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The four cases considered in this iteration satisfy the temperature limits specified
for both the peak and the surface temperatures. For each case, temperature
distributions in the beam window and beam tube were utilized for the structural analyses
for analyzing thermal and mechanical stresses in those regions. Based upon these
studies, the beam window thickness of 3.5 mm was selected to reduce the thermal
stresses. Furthermore, the hemi-spherical configuration is preferable to the conical
configuration because of higher margin for buckling as shown in the stress analysis
section. Additionally, the thickness of the cylindrical beam tube is 5§ mm to insure
adequate margin for buckling. Case D represents the current reference target design.

V.6. Beam profile effect on the peak window temperature

In all cases considered, the radial distributions of the proton beam, therefore the
thermal energy deposition in the beam window is assumed to have uniform profiles.
Since it possible to have different proton beam profiles, three alternative radial
distributions were considered in separate thermal hydraulic analysis using the target
geometry of case B from the design iteration process. The distributions considered are:

1. A uniform distribution

2. A clipped elliptic paraboloid distribution with a peak to average ratio of 1.2

3. A full-width elliptic paraboloid distribution with a peak to average ratio of 1.5

4. An offset parabolic distribution rotated about the centerline with a peak to average
ratio of 1.5

The four normalized distributions are shown in Figure 38. Temperature
distributions of the adiabatic surfaces of the four beam windows are compared in Figure
39. Clearly, the uniform distribution (Distribution 1) provides the lowest peak
temperature of the four profiles considered. However, the other distributions relax the
temperature gradient at the edge of the heated region where the peak thermal stress
occurs for the current reference design. This approach can be used to reduce further
the thermal stresses within the beam window. Optimization of the beam profile may be
desirable for future revisions of the current reference target design.

V.7. Target diameter effect on the peak window temperature

A thermal hydraulic analysis has been performed to study the impact of expanding
the radius of the middle cylinder that serves as a baffle between the inlet and outlet flow
paths so that it is located outside the proton beam path. In order to maintain flow
stability, the diameter of the outer cylinder must be expanded proportionally. Expansion
of the target region without increasing the inlet flow rate results in a substantial decrease
in the velocity at the central region. This reduction in the flow velocity leads to a
significant reduction in the heat transfer at the surface of the beam window. While the
turbulence characteristics and the size of the recirculation zone are not significantly
effected by these geometrical modifications, thermal design criteria are exceeded by as
much as 450 °C as a result of the reduced flow velocity in the central region. Further
studies of this approach are not warranted.
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VL. Structural design

The ability of the beam tube to withstand the mechanical and thermal loads is
determined by comparing the calculated stresses to allowable stresses defined in the
APT supplemental structural design requirements [2], the international thermonuclear
experimental reactor [3], and the ASME Code. A stress analysis was performed on
various beam window configurations under normal operating conditions. The analysis
was aimed to develop a beam window configuration, which would satisfy the stress and
the buckling criteria.

The ANSYS general-purpose finite element code [8] was used with a two-
dimensional axisymmetric finite element model for the target tube. The LBE hydrostatic
pressure load and the thermal stresses caused by the temperature gradient in the target
structure were used in the ANSYS analysis. The buckling capabilities of the structure
were initially evaluated using the ASME code. Then, a nonlinear buckling analysis was
performed using ANSYS code.

VI.1. Finite element models for stress analysis

Two beam window configurations were considered. The first has a conical
geometry as shown in Figures 40 and 41 and the second utilize a hemi-spherical
geometry shown in Figures 42 and 43. The models used for the stress evaluation
consist of the target beam window and a 10-cm-long section of the beam tube.

The finite element models of the stress analysis were generated from Excel files
obtained from the thermal hydraulic analyses. These files contained nodal coordinates
and corresponding temperatures generated from the CFD analysis. An example of
FORTRAN program used to generate the finite element model of conical window used
for the stress analysis is shown in Appendix A. Later the constant material properties
are replaced with the temperature-dependent ones. The materials properties are
discussed in the section VI.3.

The structure stiffness was modeled with 2-D plane elements with axisymmetric
capability (ANSYS PLANE 42 element). The finite element grid was identical to the grid
used in thermal hydraulic analysis. It is a map-mesh, which consists of 1768 nodes and
1648 rectangular elements in an array of 16 rows across the wall thickness with 103
elements per row for the conical window concept.

The second beam window concept analyzed replaces the conical geometry with a
hemi-spherical geometry using Smm-thick wall as shown in Figures 42 and 43. The
finite element model consists of 2108 nodes and 1968 elements ordered in 16 rows
across the wall thickness with 123 elements per row. Additional finite element models of
beam window configurations are generated from the models shown in Figures 41 and 43
by decreasing the wall thickness as follows:
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Figure 40. Complete axisymmetric ANSYS model of the 5-mm conical target beam
window

Figure 41. Expanded view of conical section of the 5-mm conical target beam window
ANSYS model
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Figure 42. Complete axisymmetric ANSYS model of the 5-mm hemi-spherical target
beam window
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Figure 43. Expanded view of the hemi-spherical section of the 5-mm hemi-spherical
target beam window ANSYS model
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* 4mm (4.060mm actual) thick wall - conical and hemi-spherical configurations
* 3mm (3.125mm actual) thick wall - conical and hemi-spherical configurations
» 3.5mm thick wall - conical and hemi-spherical configurations

The 4mm and 3mm thick beam windows were generated from the 5mm beam window
by deleting three and six rows of elements across the thickness respectively, starting
from the adiabatic window surface.

VI.2. Loads and boundary conditions

Under the normal operating conditions the beam window is exposed to mechanical
and thermal loads. The mechanical load is the external pressure due to the hydraulic
head from the liquid lead-bismuth eutectic in the target system. The pressure load is
calculated to be 0.79 MPa as shown in Figure 44. The main parameters used to
calculate the pressure load are given in Appendix B. The temperature distribution of the
beam tube including the window from the thermal hydraulic analysis is shown in Figure
45 for the conical configuration. The temperature distribution was calculated for HT-9
structure, however the same temperature distribution was used in the structural analysis
for the type 316SS. This approximation was done to understand the effect of different
geometrical configurations and the window thickness on the structural performance of
the beam tube without considering the absolute value of the results. In fact, type 316SS
temperature gradient would be larger than that of the HT-9 because type 316SS thermal
conductivity is lower than that of HT-9. The temperature distribution across the beam
window for the 3-mm and 4-mm configurations was obtained by removing elements from
the adiabatic surface of the 5-mm configuration to reduce the thickness to the
appropriate value. After the initial evaluation described above, the temperature
distribution across the beam window wall for the 3.5-mm configurations was obtained
from the thermal hydraulic analysis to calculate the window thermal stresses. In the
3.5 mm case, both the thermal input and the stress model used the HT-9 material
properties. Figure 46 shows the temperature distribution for the hemi-spherical
configuration.

VI.3. Material properties

The mechanical properties are evaluated over a wide temperature range for
performing the structural analysis. Figures 47 to 49 show the temperature dependence
of Young’s modulus, Poisson’s ratio and the thermal expansion coefficient for type
316SS used in the analysis [9]. Figures 50 and 51 show temperature dependence of
Young’'s modulus and the thermal expansion coefficient for HT-9. The temperature
dependence of Poisson’s ratio for type 316SS was used for HT-9 steel.
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Figure 44. Applied external pressure and boundary conditions at both ends preventing
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Figure 47. Type 316SS Young’'s modulus as a function of temperature in Celsius

58



AN

DEC 7 2001
O8:26:11

MATERIALE NUXY PREVIEW

(x10%*-1)
3.5

3.4

feie]

NUXY 5 g5

3.2

3.1

g0 240 400 5&0 720 a80
160 320 480 640 a00
TEMP

LDTF Conical Window (&5 mm-thick wall)

Figure 48. Type 316SS Poisson’s ratio as a function of temperature in Celsius

MATERIALS LLPX PREVIEW AN
DEC 7 2001
ng:28:32

(x10#+-5)
2

1.96
1.924
1.88
1.84
ALPX 1.8
1.78
1.72
1.68

1.64

1.6

an 240 400 560 720 as0
160 320 4580 640 800
TEMP

BDTF Conical Window (5 mm-thick wall)
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VI.4. ANSYS stress results

A parametric stress analysis was performed to study the effect of the window wall
thickness and the window geometry on the generated stresses during the normal
operation. The window wall thickness was parametrically changed for the conical and
spherical geometries. Table 3 gives the details of the analyzed cases and the method
used for generating the temperature distribution for each case.

The results for the 5-mm wall thickness are shown in Figures 52 through 55 for the
conical and spherical geometries in the form of stress intensity contour plots. The first
contour plot gives the stresses caused by the LBE pressure and the temperature
gradient during the normal operation. The second contour plot gives the stresses
caused only by the LBE pressure load. The peak stress occurs close to the intersection
of the proton beam boundary with the window on the wetted surface as shown in figures
52 and 54.

Table 3. Target cases considered in the ANSYS analysis

Case Window Window Wall Window Temperature
Number Geometry Thickness, mm Material Distribution

1 Conical 5 Type 316 SS* | Thermal Hydraulic
Analysis

2 Hemi-spherical 5 Type 316 SS* | Thermal Hydraulic
Analysis

3 Conical 4 Type 316 SS* Generated from
Case 1

4 Hemi-spherical 4 Type 316 SS* Generated from
Case 2

5 Conical 3 Type 316 SS* Generated from
Case 1

6 Hemi-spherical 3 Type 316 SS* Generated from
Case 2

7 Conical 3.5 HT-9 Alloy Thermal Hydraulic
Analysis

8 Hemi-spherical 3.5 HT-9 Alloy Thermal Hydraulic
Analysis

* The thermal hydraulic analysis was performed with HT-9 while the stress analysis
assumed type 316SS, see the loads and boundary conditions section.
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The maximum stresses from the parametric study are summarized in Figures 56
and 57, and Tables 4 and 5 for the conical and spherical window configurations as a
function of the wall thickness. Stress results are broken down into stress components,
which are required for the structural design criteria defined in the Supplemental
Structural Design Requirements [2].

Based on the results from the parametric study and the allowable stresses for the
HT-9 structure, a 3.5-mm window wall thickness was selected. The thermal hydraulics
and structural analyses were performed for the two geometrical configurations with this
thickness to obtain the temperature distribution, the stress components, and the
displacement during the normal operation. The results are shown in Figures 58
through 63 for the conical configuration and a summary of the results is given in Table 4.
The corresponding results for the hemi-spherical configuration are shown in Figures 64
through 69 and the summary is given in Table 5. Again, the peak stress occurs near the
intersection of the proton beam boundary with the beam window. The peak stress
values of the two geometrical configurations are very close during the normal operation,
which qualify both designs for further consideration.
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Figure 52. Stress intensity (Pa) in the 5-mm conical beam window during the normal
operating conditions
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Figure 53. Stress intensity (Pa) in the 5-mm conical beam window due to the LBE
pressure load
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thickness for the spherical window configuration, cases 2, 4, and 6
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Figure 58. Stress intensity (Pa) in the 3.5-mm conical beam window during the normal
operating conditions
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Figure 59. Stress components (MPa) along section A-A shown of Figure 58 measured
from the wetted surface during the normal operating conditions
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Figure 60. Total displacement (cm) in the 3.5-mm-wall conical beam window (magnified
10 times) during the normal operating conditions
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Figure 61. Stress intensity (Pa) in the 3.5-mm conical beam window due to the LBE
pressure load
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Figure 62. Stress components (MPa) along section B-B shown of Figure 61 measured
from the wetted surface due to the LBE pressure load
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Figure 63.  Total displacement (cm) in the 3.5-mm-wall conical beam window
(magnified 100 times) due to the LBE pressure load
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Figure 67. Stress intensity (Pa) in the 3.5-mm hemi-spherical beam window due to the
LBE pressure load
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Figure 68. Stress components (MPa) along section B-B shown of Figure 67 measured
from the wetted surface due to the LBE pressure load
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Figure 69. Total displacement (cm) in the 3.5-mm hemi-spherical beam window
(magnified 100 times) due to the LBE pressure load

VL.5. Linear buckling analysis

Linear Buckling Analysis was carried out for the beam tube as a function of the wall
thickness for the beam window and the cylindrical section assuming type 316SS.
Appendix C gives the assumptions and the procedure used in the evaluation. The liquid
lead-bismuth eutectic generates the external load. The analysis used the methods
presented in Article D-3 of the ASME Code Section VIII, Division 2, Shells of Revolution
Under External Pressure [10]. The results are summarized in Table 6.

This results shows that for type 316SS, the cylindrical section of the beam tube
should be at least 5 mm thick to meet the ASME code. For the conical and hemi-
spherical beam window configurations, the 3-mm thick window satisfies ASME code.
For the same window thickness, the hemi-spherical configuration has a larger margin
against buckling than the conical. In this evaluation, the radiation and temperature
effects were not included.
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Table 6. Comparison of the allowable external pressure from ASME code to the LBE
pressure load

Wall Thickness| Beam Tube Section | Pajowed (MPa) Tavg(°C) Design Margin
(mm) SS316 (Paliowed/0.79)
5 Conical window 1.544 527 1.95
Spherical Window 3.119 527 3.95
4 Conical window 1.288 471 1.63
Spherical Window 2.587 471 3.27
3 Conical window 0.975 427 1.23
Spherical Window 1.921 427 2.43
8m-long Cylinder 1.543 277 1.95
8m-long Cylinder 0.496 277 0.63
8m-long Cylinder 0.372 277 0.47

VI1.6. Nonlinear buckling analysis

Non-linear buckling analysis was carried out for the HT-9 beam tube with spherical
beam window. Based on the initial results obtained from the linear buckling analysis
presented above and the stress analysis during normal operation, the thickness of the
different sections of the beam tube was defined. The beam window thickness is 3.5 mm
and the wall thickness of the cylindrical section is 5 mm. This beam tube configuration
was used for the nonlinear finite element buckling analysis to define the critical buckling
load. In the finite element model, the 3.5 mm spherical beam window with 5 mm thick
wall cylindrical section was modeled with 4-node shell elements (ANSYS Shell 181) as
shown in Figure 70. In the finite element model, an effective length of 2.1 m is used for
the beam tube instead of the whole length, which is adequate according to Article D-3,
Figure G of Reference 10. The complete ANSYS input file is enclosed in the
Appendix D. The transition from the 3.5 mm to 5 mm was made over 20-mm length. At
the open end of the beam tube, the three translations are constrained and the normal
operating temperature distribution is used for the finite element model. A uniform
external pressure of 10 MPa was applied gradually during the solution process. Also, a
small percentage of the first linear buckling mode shape is added to the model as an
initial geometrical imperfection to obtain the critical buckling load. The magnitude of the
external pressure load causing the structure to become unstable represents the first
critical buckling load. The influence of irradiation on the critical buckling load was
evaluated by running the analysis with the unirradiated and irradiated HT-9 and the
stress-strain data used in the analyses are shown in Figures 71 and 72, respectively.
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Figure 70.  Finite element model of the beam tube with hemi-spherical beam window
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Figure 71. Unirradiated HT-9 stress-strain bilinear curves for at different temperatures
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Figure 72. Irradiated HT-9 stress-strain bilinear curves with 25 dpa at different
temperatures

The results show a large safety margin against buckling for the beam tube under
consideration for both unirradiated and irradiated HT-9. The critical load levels for those
two cases are 5.64 and 5.74MPa, respectively, which are much higher than the working
external pressure of 0.79MPa. The relative displacement of the beam tube from the first
buckling mode is shown in Figure 73 for the unirradiated HT-9. The analysis shows that
the beam tube has a large margin against buckling under the normal loading conditions.
The total displacement and the total stress intensity due to the critical load of 5.74 MPa
are shown in Figures 74 and 75 for the irradiated HT-9 with 25 dpa, respectively.

VI.7. Comparison of the calculated and the allowable stresses

The Supplemental Structural Design Requirements [2] contains structural design
rules for the APT target and blanket components. These rules consider the irradiation
affects on the material properties, which are not included in the ASME Code. Irradiation
conditions similar to the APT target are expected in the beam tube, however the
operating temperature will be higher than that of the APT target. The material database
of the APT target-blanket covers only the temperature range of 80 to 200 °C [11].
Therefore, other databases covering higher temperatures were considered for the
analyses, mainly fission and fusion databases. These databases need to be confirmed
for higher energy neutrons and protons expected during the operation.
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Figure 73. Relative displacement from the first buckling mode
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Figure 74. Total displacement (cm) just before the structure becomes unstable at
5.74 MPa using irradiated HT-9 with 25 dpa
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Figure 75. Total Stress Intensity (MPa) contour plot for external pressure of 5.74 MPa
using irradiated HT-9 with 25 dpa

Unirradiated HT-9 has very low ductility, the minimum uniform elongation is ~2.5%.
Therefore it is reasonable to assume that small fluence will reduce the uniform
elongation below 2%. The allowable HT-9 stresses were calculated assuming no
ductility left due to irradiation effects. The calculated allowable HT-9 stresses are given
in Table 7. Appendix E contains the explanation of the basic assumptions used for
calculating these allowable stresses.

Table 7. HT-9 allowable stresses for fluence up to 72 dpa

Temp ‘'C 371 450 1022
Sm 180.6 204.6 160.1
Se 180.6 204.6 160.1
Sq2 361.2 409.2 320.1

The calculated stresses for the 3.5 mm wall thickness for the conical and the
spherical beam windows at the appropriate temperature for each stress component are
given in Tables 8 and 9. Also, the allowable stress for each stress component is given
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to compare with the calculated values. All the stress values are less than the allowable
stresses except the (P +Pg+Q) stress component for the conical window geometry,
which slightly exceeds the allowable stress (Sg2). Reducing the thickness to 3 mm
instead of the 3.5 mm can satisfy this stress component. The hemi-spherical window
satisfies all allowable stresses.

Table 8. Calculated stresses and HT-9 allowable stresses for the 3.5 mm conical
beam window

Stress Allowable Calculated HT-9 Temperature

Component stress Stress (MPa) | Allowable (C)
Stresses
(MPa)

Pwm Sm 19.3 182* 277
P+Ps Keft Sm 50.0 277
P +Q, Se 74.0 182 433
P +Pg+Q+F Sy 434.9 L 517
PL+Ps+Q Sq2 396.9 363 517

* The allowable is calculated at the maximum temperature (433 C) to be on the
conservative side since the Sy, value is not available at 277 C
Larger or equal to Sm
Larger than Sy

Table 9. Calculated stresses and HT-9 allowable stresses for the 3.5 mm spherical
beam window

Stress Allowable Calculated HT-9 Temperature
Component stress Stress (MPa) | Allowable (°C)
(MPa)

Pwm Sm 23.6 181* 277
P+Ps Keft Sm 24.3 277
PL+QL Se 56.9 181 417

P +Pg+Q+F Sa1 4235 500
PL+Ps+Q Sz 374.2 386 500

* The allowable is calculated at the maximum temperature (417 C) to be on the
conservative side since the Sy, value is not available at 277 C
Larger or equal to Sm
Larger than Sy
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VI.8. Stress analysis conclusions and recommendations
The stress analysis reached the following recommendations and conclusions:

1. The beam tube with the 3.5-mm hemi-spherical window and the 5-mm wall
thickness satisfies the structural design rules for irradiated material.

2. The structural analyses used allowable stresses for Irradiated HT-9 with 72 dpa,
which allow the target to operate more than full power year.

3. The material database used in the analysis need to be confirmed to account for the
high-energy neutrons and protons expected during the operation.

4. The maximum stresses occur in the beam window at the edge of the beam
footprint, which can be reduced by smoothing the beam profile at the edge.

5. The existing HT-9 database does not provide the necessary information to perform
the analysis as a function of the operating fluence or at higher fluence. Further
experiments are required to defining the allowable stresses at high fluence, which
may allow the target to operate beyond the 72 dpa used in the current analysis.

VII. Target material radiological analyses

Radiological analyses have been performed for the LBE reference target design of
the ADTF. The analyses are based on the MCNPX model developed for the physics
analyses, coupled with the ORIGEN2-S code for the evaluation of isotopic
production/destruction and decay. The MCNPX model is divided into 7 cells as shown
in Figure 76. Table 10 shows the details of the materials used in the 7 regions. The cell
numbers in Table 10 match the red numbers of Figure 76. Figure 77 shows an
expanded section of Figure 76 so one can observe how the system fits together. The
proton beam (600 MeV, 8.33 mA, 8.143 cm radius) enters in cell 1 and strikes cell 2 in
the direction of cell 3.

With this geometry, cell 3 receives most of the beam power in the lower section,
which is surrounded by cell 5. However, cell 3 also extends to the top of cell 7. The
fraction of cell 3 that takes the beam is only 13.76% of the total LBE inventory in the
model. Therefore cell 3 was divided into 3 sections: (1) the lower solid cylinder which
receives the actual beam; (2) the mid section which is a hollow cylinder between the
lower solid cylinder and the top of cell 6; and (3) the upper section which is a hollow
cylinder between the top of cell 6 and the top of the sodium. The cells have been
labeled 8, 9, and 3, respectively. They are shown in Figure 78 and their relative sizes
are summarized in Table 11. Since the proton beam strikes cell 8 in this new scheme,
most of the activation will occur there. If the LBE is a flowing liquid target, the
radiological inventory must be diluted by the entire inventory of LBE in the facility not just
in cells 3, 8 and 9.
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VII.1. Decay power levels

Since the actual make-up of the LBE can be adjusted over a range of lead and
bismuth mixtures, the overall decay power from the LBE is compared to lead and
bismuth individually. In this assessment a composition of 44.5% Pb and 55.5% Bi was
used for the LBE. In accelerator applications, the activation of the target is extremely
geometry dependent, so a bare cylinder of lead is compared to a bare cylinder of
bismuth and to a bare cylinder of LBE. The cylinders used in this analysis have the
same geometry as cell 8 in the model, but had no other surrounding materials.
Figure 79 shows a comparison of the buildup of radioisotope decay power for these
three materials as a function of irradiation time, up to one year. Also included in this
figure is the decay power in the “cell 8", which is the LBE surrounded by the rest of the
system: the fuel, reflector, and sodium regions. The difference between the power in
“cell 8" and “LBE” on this figure is from particles entering the LBE from the surroundings.

The decay power of the radioactive isotopes after shutdown is plotted in Figure 80.
The buildup of the decay power from the other two LBE cells 3 and 9 are shown in
Figures 81 and 82. The maximum power levels that each cell reaches along with the
power per gram of material are included in Table 11. If there is no mixing of material,
cell 8 reaches a power density of 0.133 w/g, but when the entire LBE mass of the
calculational model is included the overall power density is 1.95E-5 w/g. If the total LBE
mass of the target loop is considered, this power density will be reduced further.

VIil.2. Radioisotope inventories

In order to understand the make-up of the decay power, we must consider the
activity of the radioisotopes. Table 12 shows, for 11 different irradiation times, the top
20 radioisotopes (by activity) for cell 8. Table 13 is the same as Table 12, but for cell 9,
and Table 14 likewise for cell 3. If we look at the shutdown inventory of these three
cells, we note that cells 3 and 9 are dominated by Bi-210, Po-210, and Pb-207m. In
cell 3 these three isotopes account for 96% of the total activity and in cell 9 they account
of 84% of the total activity. However, in cell 8, they account for 12% of the total activity.
These three isotopes are most probably produced by neutron interactions. The other
isotopes shown for cell 8 are most likely due to the proton interactions. The total activity
and specific activity of all isotopes at shutdown are shown in Table 15 for the three cells.

The shutdown activity presents information concerning the maximum heat load and
maximum radiological hazard. However, it does not provide any information concerning
maintenance, for one must allow the target to decay before it can be approached. The
isotope that rapidly becomes the dominant radioisotope during irradiation is Pb-207m,
which has a 0.8 sec half-life. It will rapidly decay to Pb-207, which is stable, at
shutdown. The minimum time that one will have to wait before the area can be entered
will probably be no less than one hour. Therefore Tables 16, 17, and 18 show the
activity of the top 20 radioisotopes, by activity, after 1 hour, 8 hours, 1 day, 1 week,
2 weeks, 1 month and % year of decay time.
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VIl.3. Toxicity of inventory

The calculated radiological toxicity for ingestion and inhalation are shown in
Figures 83 and 84, as a function of irradiation time and in Figures 85 and 86 as a
function of decay time for cell 8. The values for cell 9 were approximately three orders
of magnitude lower and for cell 3 approximately four orders of magnitude lower.

VIl.4. Dose rate

The gamma rays dose rate from cell 8 was calculated using the MicroShield V5.05
computer program. MicroShield does not support some of the isotopes that are
significant in this problem, so the gamma ray emission rates from the ORIGEN2-S
calculation at specific times were used as the inputs. The MicroShield model assumed
that the LBE was pure lead with the LBE density. It used cylindrical geometry and the
dose rate at one set of points was calculated from the mid plane of the cylinder (in the
radial direction), as shown in Figure 87, and the other was from the end flat surfaces of
the cylinder as shown in Figure 88. The distances were 1, 30, 60, 90, 120 and 150 cm
from the LBE. No shielding was assumed. It should be noted that if the LBE is a flowing
target, the actual dose rate would be reduced by the ratio of the mass of the material
that is not struck with the beam. The dose rates in mR/hr are shown in Tables 19 and
20 for the six distances and five decay periods.

Table 10. Details of the materials used in the LBE mode

Cell Material Density (g/cc) Volume (cc) Mass (g)
1 Void 0.0 1.282E+05 0.0
2 Steel lining 7.87 1.331E+04 1.48E+05
3 LBE 10.24 1.488E+05 1.524E+06
4 Steel lining 7.87 2.072E+04 1.631E+05
5 Fuel-Na-clad 6.556 4.398E+04 2.884E+05
6 Na-Steel reflector 6.902 2.282E+06 1.575E+07
7 Na 8.513 4.501E+08 3.832E+08
Table 11. Division of the original “Cell 3"
Cell | Description |Volume (cc)| Mass (g) | Fraction of | Max. Power| Power
mass Level (kW) Density
(Wig)
3 Top region | 1.12E+05 | 1.14E+06 0.7495 0.53 4.65E-4
8 |Bottom region| 2.05E+04 | 2.10E+05 0.1376 27.94 1.33E-1
9 Mid region | 1.68E+04 | 1.72E+05 0.1129 1.67 9.71E-3
Total 1.49E+05 | 1.52E+06 1.0000 1.95E-5
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Table 12. Top 20 radioisotopes in cell 8 as a function of irradiation time

1.0mi 1.0hr 1.0d 3.0d

Isotope | Activity |Fraction| Isotope | Activity |Fraction | Isotope | Activity [Fraction| Isotope | Activity |Fraction

(Ci) of total (Ci) of total (Ci) of total (Ci) of total
All 3.20E+05 All 9.33E+05 All 2.02E+06 All 2.41E+06
pb207m| 2.20E+05 | 0.687 [pb207m|2.20E+05| 0.235 |pb207m|2.20E+05( 0.109 [pb207m|2.20E+05| 0.091
bi207m | 8.96E+03 | 0.028 | pb197 (2.70E+04 | 0.029 | pb201 |(6.61E+04 | 0.033 | pb201 | 8.09E+04 | 0.034
tl206 | 3.85E+03 | 0.012 tl206 |2.62E+04 | 0.028 ti199 |6.22E+04| 0.031 | pb203 | 7.98E+04 | 0.033
ti207 | 3.02E+03| 0.009 ti207 |2.24E+04| 0.024 ti198 |5.77E+04| 0.029 ti199 |7.08E+04 | 0.029
pb197 | 1.47E+03 | 0.005 | pb196 |1.80E+04 | 0.019 | bi204 |5.31E+04 | 0.026 | bi204 | 6.95E+04 | 0.029
tl207m | 1.43E+03 | 0.004 ti194 |1.50E+04| 0.016 ti197 (5.12E+04| 0.025 | pb200 | 6.33E+04 | 0.026
hg188 | 1.28E+03 | 0.004 | bi200 |1.48E+04| 0.016 | pb199 |4.72E+04 | 0.023 | tl198 |6.19E+04 | 0.026
irt80 |1.03E+03| 0.003 | pb199 | 1.43E+04| 0.015 ti196 |4.54E+04 | 0.022 tl200 | 5.99E+04 | 0.025
0s181 |9.96E+02 | 0.003 | bi199 |1.38E+04| 0.015 | bi203 |4.42E+04 | 0.022 | bi203 |5.76E+04 | 0.024
nb 98 | 8.96E+02 | 0.003 ti193 |1.35E+04 | 0.014 | pb198 | 4.28E+04 | 0.021 ti197 |5.14E+04 | 0.021
irt81 |7.39E+02| 0.002 | hg190 | 1.34E+04 | 0.014 | bi202 |3.91E+04| 0.019 | pb199 |4.72E+04| 0.020
nb 99 (7.23E+02| 0.002 ti195 (1.25E+04| 0.013 | pb200 | 3.77E+04 | 0.019 til201 | 4.64E+04 | 0.019
hg189 | 7.13E+02| 0.002 | au188 | 1.25E+04 | 0.013 | bi201 | 3.43E+04| 0.017 ti196 |4.55E+04 | 0.019
irt178 |7.04E+02| 0.002 | au189 (1.22E+04 | 0.013 | hg195 | 3.29E+04 | 0.016 | pb198 (4.28E+04 | 0.018
nb100 | 6.99E+02 | 0.002 | bi202 |1.14E+04| 0.012 ti195 (3.09E+04| 0.015 | hg195 |4.12E+04 | 0.017
hg187 |6.91E+02 | 0.002 | bi201 |1.04E+04| 0.011 | pb203 | 2.99E+04 | 0.015 | bi202 |3.91E+04| 0.016
y96 |6.55E+02 | 0.002 | hg191 |1.03E+04 | 0.011 | hg193 |(2.84E+04 | 0.014 | bi206 | 3.60E+04 | 0.015
hg186 | 5.93E+02 | 0.002 | au190 |1.02E+04 | 0.011 | pb197 | 2.78E+04 | 0.014 | bi201 | 3.43E+04 | 0.014
ti191 | 5.54E+02| 0.002 | pb198 |1.02E+04 | 0.011 | pb196 | 2.70E+04 | 0.013 ti195 | 3.09E+04 | 0.013
pt182 [ 5.27E+02| 0.002 | 0s181 |1.01E+04 ( 0.011 ti206 |2.63E+04| 0.013 | hg197 | 3.06E+04 | 0.013
7.0d 14.0d 30.0d 60.0d

isotope | Activity [Fraction| isotope | Activity |Fraction | isotope | Activity [Fraction| isotope | Activity |Fraction

(Ci) of total (Ci) of total (Ci) of total (Ci) of total
all 2.67E+06 all 2.84E+06 all 2.97E+06 all 3.05E+06

pb207m| 2.20E+05 | 0.082 |[pb207m|2.20E+05| 0.077 |pb207m|2.19E+05| 0.074 [pb207m|2.19E+05| 0.072
pb203 | 1.23E+05| 0.046 | pb203 | 1.38E+05| 0.048 | pb203 | 1.39E+05| 0.047 | bi206 |1.40E+05| 0.046
ti200 (8.59E+04| 0.032 | bi206 |1.04E+05( 0.037 | bi206 |1.32E+05| 0.044 | pb203 | 1.39E+05| 0.046
ti201 | 8.21E+04 | 0.031 tl201 |1.01E+05( 0.035 ti201 | 1.05E+05| 0.035 ti201 |1.05E+05| 0.034
pb201 | 8.11E+04 | 0.030 til200 | 8.91E+04| 0.031 tl200 |8.91E+04| 0.030 | bi205 |1.01E+05| 0.033
ti199 (7.09E+04| 0.027 | pb201 |8.11E+04 | 0.029 | bi210 | 8.51E+04 | 0.029 ti200 (8.91E+04| 0.029
bi204 |7.04E+04 | 0.026 | bi210 |7.40E+04| 0.026 | pb201 |8.11E+04 | 0.027 | bi210 | 8.64E+04| 0.028
bi206 | 6.98E+04 | 0.026 ti199 |7.09E+04 | 0.025 | bi205 | 8.03E+04| 0.027 | pb201 | 8.11E+04 | 0.027
pb200 | 6.98E+04 | 0.026 | bi204 |7.04E+04| 0.025 ti199 |7.10E+04| 0.024 ti199 |7.10E+04| 0.023
ti198 | 6.18E+04 | 0.023 | pb200 | 7.00E+04 | 0.025 | bi204 |7.04E+04 | 0.024 | bi204 |7.04E+04 | 0.023
bi203 | 5.84E+04 | 0.022 ti198 (6.19E+04 | 0.022 | pb200 | 7.00E+04 | 0.024 | pb200 | 7.01E+04 | 0.023
bi210 | 5.36E+04 | 0.020 | bi203 |5.84E+04 | 0.021 ti198 [6.19E+04 | 0.021 ti198 |6.19E+04 | 0.020
ti197 |(5.14E+04| 0.019 | hg197 | 5.75E+04 | 0.020 | hg197 | 5.87E+04 | 0.020 | hg197 | 5.89E+04 | 0.019
hg197 |4.95E+04 | 0.019 ti197 |(5.14E+04| 0.018 | bi203 |5.84E+04 | 0.020 | bi203 | 5.84E+04| 0.019
pb199 |4.72E+04 | 0.018 | bi205 |5.08E+04| 0.018 ti197 |5.14E+04 | 0.017 ti197 |5.14E+04 | 0.017
ti196 |4.55E+04 | 0.017 | pb199 |4.72E+04 | 0.017 | pb199 |4.72E+04 | 0.016 | pb199 (4.72E+04 | 0.015
pb198 | 4.28E+04 | 0.016 | tI196 |4.55E+04| 0.016 | tl196 |4.55E+04| 0.015 | tI196 [4.55E+04 | 0.015
hg195 |4.14E+04 | 0.015 | pb198 (4.28E+04 | 0.015 | pb198 |4.28E+04 | 0.014 | pb198 | 4.28E+04 | 0.014
bi202 | 3.91E+04 | 0.015 | hg195 (4.14E+04| 0.015 | hg195 |4.14E+04 | 0.014 | hg195 (4.15E+04 | 0.014
bi201 | 3.43E+04 | 0.013 | bi202 |3.91E+04| 0.014 | bi202 |3.91E+04| 0.013 | bi202 |3.91E+04| 0.013
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Table 12. Top 20 radioisotopes in cell 8 as a function of irradiation time (Continued)

90.0d 182.0d 1.0yr
isotope | Activity [Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction
(Ci) of total (Ci) of total (Ci) of total
all 3.09E+06 all 3.15E+06 all 3.22E+06

pb207m | 2.19E+05 | 0.071 [ pb207m | 2.19E+05 | 0.070 |pb207m | 2.19E+05 | 0.068
bi206 | 1.40E+05 | 0.045 bi206 | 1.40E+05 | 0.045 bi206 | 1.41E+05 | 0.044

pb203 | 1.39E+05 [ 0.045 pb203 | 1.40E+05 | 0.044 pb203 | 1.40E+05 [ 0.043
bi205 | 1.06E+05 | 0.034 bi205 | 1.08E+05 | 0.034 bi205 | 1.08E+05 | 0.034
ti201 1.05E+05 | 0.034 t1201 1.05E+05 | 0.033 t1201 1.05E+05 | 0.033
ti200 | 8.91E+04 | 0.029 ti200 | 8.92E+04 | 0.028 ti200 | 8.92E+04 | 0.028
bi210 | 8.63E+04 | 0.028 bi210 | 8.62E+04 | 0.027 bi210 | 8.61E+04 | 0.027
pb201 | 8.11E+04 [ 0.026 pb201 | 8.12E+04 | 0.026 pb201 | 8.12E+04 | 0.025
ti199 | 7.10E+04 | 0.023 ti199 | 7.10E+04 | 0.023 ti199 | 7.10E+04 | 0.022
bi204 | 7.04E+04 | 0.023 bi204 | 7.04E+04 | 0.022 po210 | 7.10E+04 | 0.022
pb200 | 7.01E+04 [ 0.023 pb200 | 7.01E+04 | 0.022 bi204 | 7.04E+04 | 0.022
ti198 | 6.19E+04 | 0.020 ti198 | 6.19E+04 | 0.020 pb200 | 7.01E+04 | 0.022
hg197 | 5.91E+04 [ 0.019 hg197 | 5.96E+04 [ 0.019 ti198 | 6.19E+04 | 0.019
bi203 | 5.84E+04 | 0.019 bi203 | 5.84E+04 | 0.019 hg197 | 6.07E+04 | 0.019
ti197 | 5.14E+04 | 0.017 ti197 | 5.14E+04 | 0.016 bi203 | 5.84E+04 | 0.018
pb199 | 4.72E+04 | 0.015 po210 | 5.03E+04 | 0.016 ti197 | 5.14E+04 | 0.016
ti196 | 4.55E+04 | 0.015 pb199 | 4.72E+04 | 0.015 pb199 | 4.72E+04 | 0.015
pb198 | 4.28E+04 | 0.014 ti196 | 4.55E+04 | 0.014 ti196 | 4.55E+04 | 0.014
hg195 | 4.15E+04 | 0.013 pb198 | 4.28E+04 | 0.014 pb198 | 4.28E+04 | 0.013
bi202 | 3.91E+04 | 0.013 hg195 | 4.16E+04 [ 0.013 hg195 | 4.19E+04 | 0.013
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Table 13. Top 20 isotopes in cell 9 as a function of irradiation time

1.0mi 1.0hr 1.0d 3.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity [Fraction
(Ci) of total (Ci) of total (Ci) of total (Ci) of total
all 1.90E+04 all 2.18E+04 all 3.39E+04 all 4.65E+04
pb207m | 1.82E+04 | 0.9569 |pb207m | 1.82E+04 | 0.8356 | pb207m | 1.82E+04 | 0.5375 | pb207m | 1.82E+04 | 0.3916
bi207m | 4.54E+02 | 0.0239 tl206 | 6.67E+02 | 0.0306 | bi210 | 5.88E+03 | 0.0270 | bi210 | 1.55E+04 | 0.3324
ti206 | 9.73E+01 | 0.0051 | pb209 | 5.21E+02 | 0.0239 | pb209 | 2.70E+03 | 0.0124 | pb209 | 2.72E+03 | 0.0584
ti207m | 7.10E+01 | 0.0037 t1207 | 4.98E+02 | 0.0229 | bi204 | 8.45E+02 | 0.0388 | pb203 | 1.36E+03 | 0.0292
ti207 | 6.74E+01 | 0.0035 | bi207m | 4.54E+02 | 0.0208 ti206 | 6.68E+02 | 0.0307 | bi206 | 1.11E+03 | 0.0239
ti208 | 2.23E+01 | 0.0012 | bi210 | 2.61E+02 | 0.0120 | pb203 | 5.49E+02 | 0.0252 | bi204 | 1.08E+03 | 0.0233
hg205 | 1.53E+01 | 0.0008 | hg205 | 1.23E+02 | 0.0056 | pb201 | 5.20E+02 | 0.0239 ti206 | 6.68E+02 | 0.0144
rb95 | 1.41E+01 | 0.0007 ti208 1.10E+02 | 0.0050 ti207 | 4.98E+02 | 0.0229 | pb201 | 6.31E+02 | 0.0136
zr100 | 1.40E+01 | 0.0007 | pb204m | 8.72E+01 | 0.0040 | bi207m | 4.54E+02 | 0.0208 | bi203 | 5.54E+02 | 0.0119
nb100 | 1.40E+01 | 0.0007 | bi202 | 8.60E+01 | 0.0039 | bi203 | 4.26E+02 | 0.0196 ti207 | 4.98E+02 | 0.0107
sr95 | 1.04E+01 | 0.0005 | tl207m | 7.10E+01 | 0.0037 | bi206 | 4.12E+02 [ 0.0217 | bi207m | 4.54E+02 | 0.0239
pb209 | 9.62E+00 | 0.0005 | bi204 | 6.42E+01 | 0.0034 | bi202 | 2.53E+02 | 0.0133 ti201 3.59E+02 | 0.0189
bi210 | 4.37E+00 | 0.0002 | bi201 | 5.39E+01 | 0.0028 | pb200 | 2.12E+02 | 0.0112 | pb200 | 3.56E+02 | 0.0187
hg206 | 2.29E+00 | 0.0001 | pb199 | 4.97E+01 | 0.0026 ti199 1.97E+02 | 0.0104 t1200 | 3.17E+02 | 0.0167
pb204m | 1.94E+00 | 0.0001 | pb196 | 4.75E+01 | 0.0025 | pb204m | 1.88E+02 | 0.0099 | bi205 | 2.95E+02 | 0.0155
pb197 | 1.92E+00 | 0.0001 | pb197 | 4.07E+01 | 0.0021 bi201 | 1.69E+02 | 0.0089 | bi202 | 2.53E+02 | 0.0133
bi202 | 1.75E+00 | 0.0001 bi200 | 3.83E+01 | 0.0020 | pb199 | 1.55E+02 | 0.0081 t199 | 2.25E+02 | 0.0118
pb196 | 1.31E+00 | 0.0001 | pb201 | 3.53E+01 | 0.0019 | hg205 | 1.23E+02 | 0.0065 | pb204m | 1.88E+02 | 0.0099
bi204 | 1.10E+00 | 0.0001 bi199 | 3.32E+01 | 0.0017 ti208 1.10E+02 | 0.0058 | bi201 | 1.69E+02 | 0.0089
bi201 | 1.08E+00 | 0.0001 bi203 | 3.22E+01 | 0.0017 ti201 1.05E+02 | 0.0055 | pb199 | 1.55E+02 | 0.0081
7.0d 14.0d 30.0d 60.0d
isotope | Activity [Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction
(Ci) of total (Ci) of total (Ci) of total (Ci) of total
all 6.23E+04 all 7.61E+04 all 8.66E+04 all 9.36E+04

bi210 | 2.82E+04 | 0.4531 bi210 | 3.89E+04 | 0.5116 | bi210 | 4.48E+04 | 0.5171 bi210 | 4.55E+04 | 0.4723
pb207m | 1.82E+04 | 0.2922 | pb207m | 1.82E+04 | 0.2392 | pb207m | 1.82E+04 | 0.2102 | pb207m | 1.82E+04 | 0.1890
pb209 | 2.72E+03 | 0.0436 | bi206 | 3.10E+03 | 0.0407 | po210 | 4.90E+03 | 0.0566 | po210 | 1.05E+04 | 0.1094
bi206 | 2.12E+03 | 0.0341 | pb209 | 2.72E+03 | 0.0357 | bi206 | 3.79E+03 | 0.0438 | bi206 | 3.93E+03 | 0.0408
pb203 | 2.03E+03 | 0.0326 | pb203 | 2.27E+03 | 0.0298 | pb209 | 2.72E+03 | 0.0314 | pb209 ( 2.72E+03 | 0.0282
bi204 | 1.10E+03 | 0.0176 | po210 | 1.73E+03 | 0.0228 | pb203 | 2.29E+03 | 0.0265 | pb203 | 2.29E+03 | 0.0238
ti206 | 6.68E+02 | 0.0107 | bi204 | 1.10E+03 | 0.0144 | bi205 | 1.72E+03 | 0.0199 | bi205 | 2.17E+03 | 0.0225
ti201 6.35E+02 | 0.0102 | bi205 | 1.09E+03 | 0.0143 | bi204 | 1.10E+03 | 0.0127 | bi204 | 1.10E+03 | 0.0114
pb201 | 6.33E+02 | 0.0102 ti201 7.80E+02 | 0.0103 ti201 8.16E+02 | 0.0094 ti201 8.15E+02 | 0.0085
bi205 | 6.30E+02 | 0.0101 ti206 | 6.68E+02 | 0.0088 ti206 | 6.68E+02 | 0.0077 ti206 | 6.68E+02 | 0.0069
po210 | 5.66E+02 | 0.0298 | pb201 | 6.33E+02 | 0.0333 | pb201 | 6.33E+02 | 0.0333 | pb201 | 6.33E+02 | 0.0333
bi203 | 5.63E+02 | 0.0296 | bi203 | 5.63E+02 | 0.0296 | bi203 | 5.63E+02 | 0.0296 | bi203 | 5.63E+02 | 0.0296
ti207 | 4.98E+02 | 0.0262 ti207 | 4.98E+02 | 0.0262 ti207 | 4.99E+02 | 0.0262 ti207 | 4.99E+02 | 0.0262
ti200 | 4.60E+02 | 0.0242 ti200 | 4.78E+02 | 0.0251 ti200 | 4.78E+02 | 0.0251 ti200 | 4.78E+02 | 0.0251
bi207m | 4.54E+02 | 0.0239 | bi207m | 4.54E+02 | 0.0239 | bi207m | 4.54E+02 | 0.0239 | bi207m | 4.54E+02 | 0.0239
pb200 | 3.92E+02 | 0.0206 | pb200 | 3.94E+02 | 0.0207 | pb200 | 3.94E+02 | 0.0207 | pb200 ( 3.94E+02 | 0.0207
bi202 | 2.53E+02 | 0.0133 | bi202 | 2.53E+02 | 0.0133 | bi202 | 2.53E+02 | 0.0133 | bi202 | 2.53E+02 | 0.0133
ti199 | 2.25E+02 | 0.0118 ti199 | 2.25E+02 | 0.0118 ti199 | 2.25E+02 | 0.0118 ti199 | 2.25E+02 | 0.0118
pb204m | 1.88E+02 | 0.0099 | pb204m | 1.89E+02 | 0.0099 | pb204m | 1.89E+02 | 0.0099 ti202 | 2.04E+02 | 0.0107
bi201 | 1.69E+02 | 0.0089 | bi201 | 1.69E+02 [ 0.0089 1202 1.72E+02 | 0.0091 | pb204m| 1.89E+02 | 0.0099
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Table 13. Top 20 isotopes in cell 9 as a function of irradiation time (continued)

90.0d 182.0d 1.0yr
isotope | Activity [Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction
(Ci) of total (Ci) of total (Ci) of total
all 9.87E+04 all 1.10E+05 all 1.21E+05

bi210 | 4.55E+04 | 0.4610 | bi210 | 4.55E+04 | 0.4135 | bi210 | 4.55E+04 | 0.3752
pb207m | 1.82E+04 | 0.1844 | po210 | 2.65E+04 | 0.2411 | po210 | 3.75E+04 | 0.3096
po210 | 1.54E+04 | 0.1562 | pb207m | 1.82E+04 | 0.1655 | pb207m | 1.82E+04 | 0.1502
bi206 | 3.94E+03 | 0.0399 | bi206 | 3.94E+03 | 0.0358 | bi206 | 3.94E+03 | 0.0325
pb209 | 2.72E+03 | 0.0275 | pb209 | 2.71E+03 | 0.0247 | pb209 | 2.71E+03 | 0.0224
pb203 | 2.29E+03 | 0.0232 | bi205 | 2.32E+03 | 0.0211 bi205 | 2.32E+03 | 0.0191
bi205 | 2.28E+03 | 0.0231 | pb203 | 2.29E+03 | 0.0209 | pb203 | 2.30E+03 | 0.0189
bi204 | 1.10E+03 | 0.0111 bi204 | 1.10E+03 | 0.0100 | bi204 | 1.10E+03 | 0.0091
t1201 8.15E+02 | 0.0083 ti201 8.16E+02 | 0.0074 t1201 8.16E+02 | 0.0067
ti206 | 6.68E+02 | 0.0068 ti206 | 6.68E+02 | 0.0061 ti206 | 6.68E+02 | 0.0055
pb201 | 6.33E+02 | 0.0333 | pb201 | 6.33E+02 | 0.0333 | pb201 | 6.33E+02 | 0.0333
bi203 | 5.63E+02 | 0.0296 | bi203 | 5.63E+02 | 0.0296 | bi203 | 5.63E+02 | 0.0296
ti207 | 4.99E+02 | 0.0263 ti207 | 5.01E+02 | 0.0263 ti207 | 5.04E+02 | 0.0265
ti200 | 4.78E+02 | 0.0251 ti200 | 4.78E+02 | 0.0251 ti200 | 4.78E+02 | 0.0251
bi207m | 4.54E+02 | 0.0239 | bi207m | 4.54E+02 | 0.0239 | bi207m | 4.54E+02 | 0.0239
pb200 | 3.94E+02 | 0.0207 | pb200 | 3.94E+02 | 0.0207 | pb200 | 3.94E+02 | 0.0207
bi202 | 2.53E+02 | 0.0133 | bi202 | 2.53E+02 | 0.0133 | bi207 | 2.84E+02 | 0.0149
ti199 | 2.25E+02 | 0.0118 ti199 | 2.25E+02 | 0.0118 | bi202 | 2.53E+02 | 0.0133
ti202 | 2.10E+02 | 0.0110 ti202 | 2.11E+02 | 0.0111 ti199 (| 2.25E+02 | 0.0118
pb204m | 1.89E+02 | 0.0100 | pb204m | 1.90E+02 | 0.0100 ti202 | 2.11E+02 | 0.0111
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Table 14. Top 20 isotopes in cell 3 as a function of irradiation time

1.0mi 1.0hr 1.0d 3.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity [Fraction
(Ci) of total (Ci) of total (Ci) of total (Ci) of total
all 1.13E+03 all 1.34E+03 all 3.96E+03 all 7.90E+03
pb207m | 1.10E+03 | 0.9673 | pb207m | 1.10E+03 | 0.8173 | bi210 | 2.28E+03 | 0.5762 | bi210 | 6.01E+03 | 0.7601
bi207m | 2.40E+01 | 0.0212 | bi210 | 1.02E+02 | 0.0758 | pb207m | 1.10E+03 | 0.2765 |pb207m | 1.10E+03 | 0.1387
ti207m | 3.88E+00 | 0.0034 | pb209 | 5.05E+01 | 0.0377 | pb209 | 2.62E+02 | 0.0660 | pb209 | 2.63E+02 | 0.0333
ti206 | 2.88E+00 | 0.0025 | bi207m | 2.40E+01 | 0.0179 | pb203 | 4.81E+01 | 0.0121 | pb203 | 1.17E+02 | 0.0148
bi210 | 1.70E+00 | 0.0015 ti206 | 1.90E+01 | 0.0142 | bi203 | 3.19E+01 | 0.0081 bi206 | 7.57E+01 | 0.0096
ti208 1.22E+00 | 0.0011 tl207 | 7.22E+00 | 0.0054 | bi206 | 2.81E+01 | 0.0071 | po210 | 4.80E+01 | 0.0061
t1207 9.77E-01 | 0.0009 ti208 | 6.00E+00 | 0.0045 ti199 | 2.48E+01 | 0.0062 | bi203 | 4.16E+01 | 0.0053
pb209 | 9.33E-01 | 0.0008 | pb199 | 5.20E+00 | 0.0039 | bi207m | 2.40E+01 | 0.0061 ti199 | 2.81E+01 | 0.0036
hg205 | 4.49E-01 | 0.0004 | bi202 | 4.78E+00 | 0.0036 | pb201 | 2.34E+01 | 0.0059 | pb201 | 2.80E+01 | 0.0035
pb199 | 1.08E-01 | 0.0001 | pb204m | 4.61E+00 | 0.0034 tl206 | 1.90E+01 | 0.0048 | bi207m | 2.40E+01 | 0.0030
pb204m | 1.03E-01 | 0.0001 | tl207m | 3.88E+00 | 0.0029 | pb199 | 1.41E+01 | 0.0035 | bi205 | 1.96E+01 | 0.0025
bi202 | 9.70E-02 | 0.0001 | hg205 | 3.60E+00 | 0.0027 | bi202 | 1.41E+01 | 0.0035 ti206 | 1.90E+01 | 0.0024
pb198 | 6.78E-02 | 0.0001 | pb198 | 3.54E+00 | 0.0026 | pb198 | 1.41E+01 | 0.0035 t1198 1.41E+01 | 0.0018
bi203 | 4.14E-02 | 0.0000 | bi203 | 2.42E+00 | 0.0018 ti198 1.30E+01 | 0.0033 | pb198 | 1.41E+01 | 0.0018
pb201 | 3.48E-02 | 0.0000 | pb203 | 2.07E+00 | 0.0015 | bi204 | 1.09E+01 | 0.0027 | pb199 | 1.41E+01 | 0.0018
pb203 | 3.45E-02 | 0.0000 | pb201 | 2.01E+00 | 0.0015 | pb204m | 9.96E+00 | 0.0025 | bi202 | 1.41E+01 | 0.0018
1199 2.20E-02 | 0.0000 t1199 1.51E+00 | 0.0011 | pb200 | 7.58E+00 | 0.0019 | bi204 | 1.39E+01 | 0.0018
bi206 | 2.06E-02 | 0.0000 | bi206 | 1.23E+00 | 0.0009 ti207 | 7.22E+00 | 0.0018 | pb200 | 1.27E+01 | 0.0016
bi204 | 1.45E-02 | 0.0000 | bi204 | 8.42E-01 | 0.0006 | bi205 | 6.85E+00 | 0.0017 t1201 1.19E+01 | 0.0015
ti206m | 1.42E-02 | 0.0000 | pb200 | 4.46E-01 | 0.0003 tl208 | 6.00E+00 | 0.0015 | pb204m | 9.96E+00 | 0.0013
7.0d 14.0d 30.0d 60.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity [Fraction
(Ci) of total (Ci) of total (Ci) of total (Ci) of total
all 1.32E+04 all 1.80E+04 all 2.16E+04 all 2.41E+04

bi210 | 1.10E+04 | 0.8311 bi210 | 1.51E+04 | 0.8435 | bi210 | 1.74E+04 | 0.8079 | bi210 | 1.77E+04 | 0.7348
pb207m | 1.10E+03 | 0.0830 | pb207m | 1.10E+03 | 0.0611 | po210 | 1.91E+03 | 0.0884 | po210 | 4.10E+03 | 0.1704
pb209 | 2.63E+02 | 0.0199 | po210 | 6.74E+02 | 0.0376 | pb207m | 1.10E+03 | 0.0509 | pb207m | 1.10E+03 | 0.0456
po210 | 2.20E+02 | 0.0167 | pb209 | 2.63E+02 | 0.0147 | pb209 | 2.63E+02 | 0.0122 | bi206 | 2.67E+02 | 0.0111
pb203 | 1.75E+02 | 0.0132 | bi206 | 2.11E+02 | 0.0117 | bi206 | 2.58E+02 | 0.0120 | pb209 | 2.63E+02 | 0.0109
bi206 | 1.44E+02 | 0.0109 | pb203 | 1.95E+02 | 0.0108 | pb203 | 1.97E+02 | 0.0091 | pb203 | 1.97E+02 | 0.0082
bi203 | 4.22E+01 | 0.0032 | bi205 | 7.26E+01 | 0.0040 | bi205 | 1.15E+02 | 0.0053 | bi205 | 1.45E+02 | 0.0060
bi205 | 4.20E+01 | 0.0032 | bi203 | 4.22E+01 | 0.0024 | bi203 | 4.22E+01 | 0.0020 | bi203 | 4.22E+01 | 0.0018
ti199 | 2.81E+01 | 0.0021 ti199 | 2.81E+01 | 0.0016 t1201 2.82E+01 | 0.0013 t199 | 2.81E+01 | 0.0012
pb201 | 2.81E+01 | 0.0021 | pb201 | 2.81E+01 | 0.0016 ti199 | 2.81E+01 | 0.0013 t1201 2.81E+01 | 0.0012
bi207m | 2.40E+01 | 0.0018 t1201 2.68E+01 | 0.0015 | pb201 | 2.81E+01 | 0.0013 | pb201 | 2.81E+01 | 0.0012
t1201 2.16E+01 | 0.0016 | bi207m | 2.40E+01 | 0.0013 | bi207m | 2.40E+01 | 0.0011 | bi207m | 2.40E+01 | 0.0010
ti206 | 1.90E+01 | 0.0014 ti206 | 1.90E+01 | 0.0011 ti206 1.90E+01 | 0.0009 ti206 | 1.90E+01 | 0.0008
ti198 1.41E+01 | 0.0011 t1198 1.41E+01 | 0.0008 t1198 1.41E+01 | 0.0007 t1198 1.41E+01 | 0.0006
pb198 | 1.41E+01 | 0.0011 | pb198 | 1.41E+01 | 0.0008 ti200 1.41E+01 | 0.0007 t1200 1.41E+01 | 0.0006
pb199 | 1.41E+01 | 0.0011 | pb199 | 1.41E+01 | 0.0008 | pb198 | 1.41E+01 | 0.0007 | pb198 | 1.41E+01 | 0.0006
bi202 | 1.41E+01 | 0.0011 | pb200 | 1.41E+01 | 0.0008 | pb199 | 1.41E+01 | 0.0007 | pb199 | 1.41E+01 | 0.0006
bi204 | 1.41E+01 | 0.0011 bi202 | 1.41E+01 | 0.0008 | pb200 | 1.41E+01 | 0.0007 | pb200 | 1.41E+01 | 0.0006
pb200 | 1.40E+01 | 0.0011 bi204 | 1.41E+01 | 0.0008 | bi202 | 1.41E+01 | 0.0007 | bi202 | 1.41E+01 | 0.0006
t1200 1.34E+01 | 0.0010 ti200 1.41E+01 | 0.0008 | bi204 | 1.41E+01 | 0.0007 | bi204 | 1.41E+01 | 0.0006
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Table 14. Top 20 isotopes in cell 3 as a function of irradiation time (Continued)

90.0d 182.0d 1.0yr
isotope | Activity [Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction
(Ci) of total (Ci) of total (Ci) of total
all 2.60E+04 all 3.03E+04 all 3.46E+04

bi210 | 1.77E+04 | 0.6812 | bi210 | 1.77E+04 | 0.5838 | bi210 | 1.77E+04 | 0.5114
po210 | 6.00E+03 | 0.2309 | po210 | 1.03E+04 | 0.3403 | po210 | 1.46E+04 | 0.4218
pb207m | 1.10E+03 | 0.0422 | pb207m | 1.10E+03 | 0.0362 | pb207m | 1.10E+03 | 0.0317
bi206 | 2.67E+02 | 0.0103 | bi206 | 2.67E+02 | 0.0088 | bi206 | 2.67E+02 | 0.0077
pb209 | 2.63E+02 [ 0.0101 | pb209 | 2.63E+02 | 0.0087 | pb209 | 2.63E+02 | 0.0076
pb203 | 1.97E+02 | 0.0076 | pb203 | 1.97E+02 | 0.0065 | pb203 | 1.97E+02 | 0.0057
bi205 | 1.52E+02 | 0.0059 | bi205 | 1.55E+02 | 0.0051 bi205 | 1.55E+02 | 0.0045
bi203 | 4.22E+01 | 0.0016 | bi203 | 4.22E+01 | 0.0014 | bi203 | 4.22E+01 | 0.0012
ti199 | 2.81E+01 | 0.0011 ti199 | 2.81E+01 | 0.0009 ti199 | 2.81E+01 | 0.0008
ti201 2.81E+01 | 0.0011 ti201 2.81E+01 | 0.0009 t1201 2.81E+01 | 0.0008
pb201 | 2.81E+01 | 0.0011 | pb201 | 2.81E+01 | 0.0009 | pb201 | 2.81E+01 | 0.0008
bi207m | 2.40E+01 | 0.0009 | bi207m | 2.40E+01 | 0.0008 | bi207m | 2.40E+01 | 0.0007
ti206 1.90E+01 | 0.0007 ti206 1.90E+01 | 0.0006 ti206 | 1.90E+01 | 0.0005
t1198 1.41E+01 | 0.0005 | hg203 | 1.41E+01 | 0.0005 | hg203 | 1.50E+01 | 0.0004
ti200 1.41E+01 | 0.0005 ti198 1.41E+01 | 0.0005 | bi207 | 1.49E+01 | 0.0004
pb198 | 1.41E+01 | 0.0005 t1200 1.41E+01 | 0.0005 1198 1.41E+01 | 0.0004
pb199 | 1.41E+01 | 0.0005 | pb198 | 1.41E+01 | 0.0005 ti200 1.41E+01 | 0.0004
pb200 | 1.41E+01 | 0.0005 | pb199 | 1.41E+01 | 0.0005 | pb198 | 1.41E+01 | 0.0004
bi202 | 1.41E+01 | 0.0005 | pb200 | 1.41E+01 | 0.0005 | pb199 | 1.41E+01 | 0.0004
bi204 | 1.41E+01 | 0.0005 | bi202 | 1.41E+01 | 0.0005 | pb200 | 1.41E+01 | 0.0004

Table 15. Total activity and specific activity of all radioisotopes in the three cells at the
shutdown inventory
Cell Mass (g) Total Activity (Ci) SA (Ci/g)
3 1.14E+06 3.46E+04 3.03E-02
8 2.10E+05 3.22E+06 1.53E+01
9 1.72E+05 1.21E+05 7.03E-01
all 1.52E+06 3.38E+06 2.22E+00
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Table 16. Radioisotope inventory as a function of time after shutdown for cell 8

1.0hr 8.0hr 1.0d 7.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity [Fraction
(Ci) of total (Ci) of total (Ci) of total (Ci) of total

total 2.27E+06 total 1.60E+06 total 1.19E+06 total 5.32E+05

bi206 | 1.40E+05 | 0.0618 | bi206 | 1.36E+05 | 0.0849 | bi206 | 1.27E+05 | 0.1072 | bi205 | 7.87E+04 | 0.1479
pb203 | 1.39E+05 | 0.0613 | pb203 | 1.30E+05 | 0.0814 | pb203 | 1.10E+05 | 0.0925 | bi206 | 7.04E+04 | 0.1323
bi205 | 1.08E+05 | 0.0476 | bi205 | 1.07E+05 | 0.0665 | bi205 | 1.03E+05 | 0.0870 | po210 | 7.03E+04 | 0.1320
t1201 1.05E+05 | 0.0464 t1201 1.02E+05 | 0.0640 ti201 9.19E+04 | 0.0774 | bi210 | 3.28E+04 | 0.0616
ti200 | 8.86E+04 | 0.0391 ti200 | 8.39E+04 | 0.0524 | bi210 | 7.52E+04 | 0.0633 | au195 | 3.15E+04 | 0.0593
bi210 | 8.58E+04 | 0.0379 | bi210 | 8.24E+04 | 0.0515 | po210 | 7.08E+04 | 0.0597 t1201 2.39E+04 | 0.0450
pb201 | 7.73E+04 | 0.0341 | po210 | 7.08E+04 | 0.0442 ti200 | 6.94E+04 | 0.0585 | pb203 | 1.66E+04 | 0.0313
po210 | 7.08E+04 | 0.0313 | hg197 | 5.76E+04 | 0.0360 | hg197 | 4.88E+04 | 0.0411 ir188 | 1.63E+04 | 0.0306
pb200 | 6.82E+04 | 0.0301 | pb200 | 5.46E+04 | 0.0341 | pb200 | 3.26E+04 | 0.0275 iri89 | 1.62E+04 | 0.0304
ti199 | 6.81E+04 | 0.0300 | pb201 | 4.89E+04 | 0.0305 | au195 | 3.22E+04 | 0.0272 | o0s185 | 1.59E+04 | 0.0299
bi204 | 6.67E+04 | 0.0294 | bi204 | 4.51E+04 | 0.0282 iri88 | 2.27E+04 | 0.0191 1202 1.48E+04 | 0.0278
hg197 | 6.06E+04 | 0.0267 t199 | 3.94E+04 | 0.0246 | pt191 | 2.24E+04 | 0.0189 | pt188 | 1.37E+04 | 0.0257
ti198 | 5.87E+04 | 0.0259 | bi203 | 3.67E+04 | 0.0229 irt89 | 2.20E+04 | 0.0185 | re183 | 1.33E+04 | 0.0251
bi203 | 5.52E+04 | 0.0244 | au195 | 3.23E+04 | 0.0202 ti202 | 2.08E+04 | 0.0175 | hg197 | 1.03E+04 | 0.0193
ti197 | 4.14E+04 | 0.0183 ti198 | 3.06E+04 | 0.0191 pt188 | 2.06E+04 | 0.0173 | w181 | 9.64E+03 | 0.0181
hg195 | 4.06E+04 | 0.0179 | au193 | 2.80E+04 | 0.0175 | bi204 | 1.72E+04 | 0.0145 | po206 | 8.78E+03 | 0.0165
ti196 | 3.57E+04 | 0.0157 | hg195 | 2.63E+04 | 0.0165 | os185 | 1.66E+04 | 0.0140 | bi207 | 6.98E+03 | 0.0131
au193 | 3.25E+04 | 0.0143 | pt191 | 2.60E+04 | 0.0162 | au193 | 1.59E+04 | 0.0134 | ta178 | 5.54E+03 | 0.0104
au195 | 3.23E+04 | 0.0142 ir188 | 2.32E+04 | 0.0145 | pb201 | 1.50E+04 | 0.0126 | w178 | 5.54E+03 | 0.0104
pb199 | 3.23E+04 | 0.0142 iri89 | 2.25e+04 | 0.0140 | bi203 | 1.43E+04 | 0.0120 | pt191 | 5.35E+03 | 0.0100

14.0d 30.0d 182.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction
(Ci) of total (Ci) of total (Ci) of total

total 3.61E+05 total 2.32E+05 total 8.41E+04
po210 | 6.86E+04 | 0.1900 | po210 | 6.37E+04 | 0.2750 | po210 | 2.98E+04 | 0.3539

bi205 | 5.74E+04 | 0.1589 | au195 | 2.90E+04 | 0.1251 | au195 | 1.64E+04 | 0.1956

bi206 | 3.57E+04 | 0.0989 | bi205 | 2.78E+04 | 0.1200 | bi207 | 6.90E+03 | 0.0821
au195 | 3.07E+04 | 0.0851 | os185 | 1.34E+04 | 0.0580 | os185 | 4.36E+03 | 0.0518
0s185 | 1.51E+04 | 0.0419 | re183 | 1.06E+04 | 0.0459 h 3 4.26E+03 | 0.0506
re183 | 1.25E+04 | 0.0345 | w181 8.45E+03 | 0.0365 ti204 | 3.64E+03 | 0.0432

bi210 | 1.25E+04 | 0.0345 | bi206 | 7.92E+03 | 0.0342 | w181 3.54E+03 | 0.0421

iri89 | 1.12E+04 | 0.0311 bi207 | 6.97E+03 | 0.0301 re183 | 2.36E+03 | 0.0281

ir188 | 1.02E+04 | 0.0283 iri89 | 4.84E+03 | 0.0209 | ta179 | 2.09E+03 | 0.0248

ti202 | 9.95E+03 | 0.0276 h 3 4.36E+03 | 0.0188 | po208 | 2.06E+03 | 0.0245
w181 9.26E+03 | 0.0257 ti202 | 4.02E+03 | 0.0174 | 1u173 | 8.56E+02 | 0.0102
pt188 | 8.49E+03 | 0.0235 ti204 | 3.92E+03 | 0.0170 | hf175 | 7.75E+02 | 0.0092

bi207 | 6.97E+03 | 0.0193 | hf175 | 3.49E+03 | 0.0151 lu172 | 6.02E+02 | 0.0072
po206 | 5.06E+03 | 0.0140 ir188 | 3.44E+03 | 0.0149 | hf172 | 5.96E+02 | 0.0071

t1201 4.85E+03 | 0.0134 | pt188 | 2.86E+03 | 0.0123 | pt193 | 4.60E+02 | 0.0055
ta178 | 4.43E+03 | 0.0123 | ta178 | 2.65E+03 | 0.0115 | nb 95 | 4.17E+02 | 0.0050
w178 | 4.43E+03 | 0.0123 | w178 | 2.65E+03 | 0.0115 y 88 4.05E+02 | 0.0048

h 3 4.37E+03 | 0.0121 ta179 | 2.45E+03 | 0.0106 | ru106 | 3.16E+02 | 0.0038
hf175 | 4.09E+03 | 0.0113 | po208 | 2.28E+03 | 0.0098 | rh106 | 3.16E+02 | 0.0038

ti204 | 3.96E+03 | 0.0110 | hg203 | 2.10E+03 | 0.0090 ir192 | 2.91E+02 | 0.0035
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Table 17. Radioisotope inventory as a function of time after shutdown for cell 3

1.0hr 8.0hr 1.0d 7.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity [Fraction
(Ci) of total (Ci) of total (Ci) of total (Ci) of total
total 3.32E+04 total 3.22E+04 total 3.06E+04 total 2.15E+04
bi210 | 1.76E+04 | 0.5295 | bi210 | 1.69E+04 | 0.5239 | bi210 | 1.54E+04 | 0.5033 | po210 | 1.44E+04 | 0.6729
po210 | 1.46E+04 | 0.4386 | po210 | 1.46E+04 | 0.4516 | po210 | 1.46E+04 | 0.4761 bi210 | 6.72E+03 | 0.3130
bi206 | 2.66E+02 | 0.0080 | bi206 | 2.57E+02 | 0.0080 | bi206 | 2.39E+02 | 0.0078 | bi206 | 1.23E+02 | 0.0057
pb209 | 2.11E+02 | 0.0063 | pb203 | 1.80E+02 | 0.0056 | pb203 | 1.49E+02 | 0.0049 | bi205 | 1.13E+02 | 0.0053
pb203 | 1.95E+02 | 0.0059 | bi205 | 1.52E+02 | 0.0047 | bi205 | 1.48E+02 | 0.0048 | pb203 | 2.22E+01 | 0.0010
bi205 | 1.54E+02 | 0.0047 | pb209 | 4.74E+01 | 0.0015 ti201 2.50E+01 | 8.2E-04 | bi207 | 1.49E+01 | 6.9E-04
bi203 | 3.97E+01 | 0.0012 1201 2.76E+01 | 8.6E-04 | bi207 | 1.49E+01 | 4.9E-04 | hg203 | 1.35E+01 | 6.3E-04
t1201 2.81E+01 | 8.5E-04 | bi203 | 2.63E+01 | 8.1E-04 | hg203 | 1.48E+01 | 4.8E-04 | tI201 6.53E+00 | 3.0E-04
ti199 | 2.65E+01 | 8.0E-04 | pb201 | 1.55E+01 | 4.8E-04 | tl200 1.19E+01 | 3.9E-04 | tI200 6.29E-01 | 2.9E-05
pb201 | 2.60E+01 | 7.8E-04 | hg203 | 1.50E+01 | 4.6E-04 | bi203 | 1.02E+01 | 3.3E-04 h 3 1.76E-01 | 8.2E-06
hg203 | 1.50E+01 | 4.5E-04 | bi207 | 1.49E+01 | 4.6E-04 | pb200 | 6.48E+00 | 2.1E-04 | pb200 | 6.24E-02 | 2.9E-06
bi207 | 1.49E+01 | 4.5E-04 | tI199 1.49E+01 | 4.6E-04 | pb201 | 4.71E+00 | 1.5E-04 | tl204 2.25E-02 | 1.0E-06
t1200 1.41E+01 | 4.2E-04 | tI200 1.37E+01 | 4.3E-04 | tI199 | 3.35E+00 | 1.1E-04 | tI206 1.06E-02 | 4.9E-07
1198 1.38E+01 | 4.2E-04 | pb200 | 1.09E+01 | 3.4E-04 | bi204 | 3.18E+00 | 1.0E-04 | bi208 | 3.16E-03 | 1.5E-07
pb200 | 1.36E+01 | 4.1E-04 [ bi204 | 8.55E+00 | 2.7E-04 | pb209 | 1.57E+00 | 5.1E-05 | bi203 | 2.11E-03 | 9.8E-08
bi204 | 1.32E+01 | 4.0E-04 | tI198 | 7.82E+00 | 2.4E-04 | tI198 1.09E+00 | 3.6E-05 | tl202 1.76E-03 | 8.2E-08
pb198 | 1.04E+01 | 3.1E-04 | pb198 | 1.36E+00 | 4.2E-05 h 3 1.76E-01 | 5.8E-06 | bi210m | 1.70E-03 | 7.9E-08
bi202 | 9.09E+00 | 2.7E-04 | bi202 | 4.97E-01 | 1.5E-05 | tI204 2.26E-02 | 7.4E-07 | pb202 | 1.49E-03 | 6.9E-08
pb199 | 8.66E+00 | 2.6E-04 | pb199 | 3.41E-01 | 1.1E-05 | tl206 2.20E-02 | 7.2E-07 | bi204 | 4.37E-04 | 2.0E-08
pb204m | 5.18E+00 | 1.6E-04 h 3 1.76E-01 | 5.5E-06 | pb198 | 1.31E-02 | 4.3E-07 | po208 | 1.76E-04
14.0d 30.0d 182.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction
(Ci) of total (Ci) of total (Ci) of total
Ototal | 1.68E+04 Ototal | 1.34E+04 Ototal | 6.13E+03
po210 | 1.41E+04 | 0.8377 | po210 | 1.31E+04 | 0.9769 | po210 | 6.12E+03 | 0.9974
bi210 | 2.55E+03 | 0.1517 | bi210 | 2.79E+02 | 0.0208 | bi207 | 1.48E+01 | 0.0024
bi205 | 8.21E+01 | 0.0049 | bi205 | 3.98E+01 | 0.0030 | hg203 | 1.00E+00 | 1.6E-04
bi206 | 5.65E+01 | 0.0034 | bi207 | 1.49E+01 | 0.0011 h 3 1.71E-01 | 2.8E-05
bi207 | 1.49E+01 | 8.9E-04 | hg203 | 9.62E+00 | 7.2E-04 | bi205 | 4.09E-02 | 6.7E-06
hg203 | 1.22E+01 | 7.3E-04 | bi206 | 9.55E+00 | 7.1E-04 | tl204 2.06E-02 | 3.4E-06
pb203 | 2.35E+00 | 1.4E-04 h 3 1.75E-01 | 1.3E-05 | bi208 | 3.16E-03 | 5.2E-07
t1201 1.32E+00 | 7.9E-05 | tI201 3.43E-02 | 2.6E-06 | tI206 1.70E-03 | 2.8E-07
h 3 1.76E-01 | 1.0E-05 | tI204 2.22E-02 | 1.7E-06 | bi210m | 1.70E-03 | 2.8E-07
ti204 2.24E-02 | 1.3E-06 | pb203 | 1.39E-02 | 1.0E-06 | tl202 1.49E-03 | 2.4E-07
ti200 9.35E-03 | 5.6E-07 | bi208 | 3.16E-03 | 2.4E-07 | pb202 | 1.49E-03 | 2.4E-07
t1206 5.07E-03 | 3.0E-07 | tI206 2.07E-03 | 1.5E-07 | po208 | 1.57E-04 | 2.6E-08
bi208 | 3.16E-03 | 1.9E-07 | bi210m | 1.70E-03 | 1.3E-07 | po209 | 3.25E-05 | 5.3E-09
bi210m | 1.70E-03 | 1.0E-07 | tI202 1.56E-03 | 1.2E-07 | pb205 | 2.68E-05 | 4.4E-09
t1202 1.67E-03 | 9.9E-08 | pb202 | 1.49E-03 | 1.1E-07 | bi210 | 6.36E-07 | 1.0E-10
pb202 | 1.49E-03 | 8.8E-08 | po208 | 1.73E-04 | 1.3E-08 | bi206 | 4.48E-07 | 7.3E-11
pb200 | 2.77E-04 | 1.6E-08 | po209 | 3.26E-05 | 2.4E-09 | pb210 | 4.28E-07 | 7.0E-11
po208 | 1.75E-04 | 1.0E-08 | pb205 | 2.67E-05 | 2.0E-09 [ bi209 1.09E-10 | 1.8E-14
po209 | 3.26E-05 | 1.9E-09 | pb210 | 4.33E-07 | 3.2E-11 | au195 | 2.39E-12 | 3.9E-16
pb205 | 2.66E-05 | 1.6E-09 | 1200 3.93E-07 | 2.9E-11 | hg206 | 8.13E-15 | 1.3E-18
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Table 18. Radioisotope inventory as a function of time after shutdown for cell 9

1.0hr 8.0hr 1.0d 7.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity [Fraction
(Ci) of total (Ci) of total (Ci) of total (Ci) of total
Ototal | 9.92E+04 Ototal | 9.37E+04 Ototal | 8.72E+04 Ototal | 5.91E+04
bi210 | 4.52E+04 | 0.4556 | bi210 | 4.34E+04 | 0.4636 | bi210 | 3.96E+04 | 0.4539 | po210 | 3.71E+04 | 0.6287
po210 | 3.74E+04 | 0.3772 | po210 | 3.74E+04 | 0.3997 | po210 | 3.75E+04 | 0.4294 | bi210 | 1.73E+04 | 0.2924
bi206 | 3.92E+03 | 0.0395 | bi206 | 3.80E+03 | 0.0405 | bi206 | 3.53E+03 | 0.0404 | bi206 | 1.82E+03 | 0.0307
bi205 | 2.32E+03 | 0.0233 | bi205 | 2.28E+03 | 0.0244 | bi205 | 2.22E+03 | 0.0254 | bi205 | 1.69E+03 | 0.0286
pb203 | 2.27E+03 | 0.0229 | pb203 | 2.11E+03 | 0.0225 | pb203 | 1.74E+03 | 0.0200 | bi207 | 2.84E+02 | 0.0048
pb209 | 2.17E+03 | 0.0219 ti201 7.92E+02 | 0.0085 ti201 7.10E+02 | 0.0081 | pb203 | 2.60E+02 | 0.0044
bi204 | 1.03E+03 | 0.0104 | bi204 | 6.72E+02 | 0.0072 ti200 3.77E+02 | 0.0043 ti201 1.85E+02 | 0.0031
ti201 8.14E+02 | 0.0082 | pb209 | 4.88E+02 | 0.0052 | bi207 | 2.84E+02 | 0.0033 tl1202 1.42E+02 | 0.0024
pb201 | 5.96E+02 | 0.0060 ti200 | 4.53E+02 | 0.0048 | bi204 | 2.51E+02 | 0.0029 tl204 | 9.29E+01 | 0.0016
bi203 | 5.29E+02 | 0.0053 | pb201 | 3.68E+02 | 0.0039 tl1202 2.00E+02 | 0.0023 | hg203 | 8.08E+01 | 0.0014
ti200 | 4.76E+02 | 0.0048 | bi203 | 3.50E+02 | 0.0037 | pb200 | 1.82E+02 | 0.0021 | au195 | 2.05E+01 | 3.5E-04
pb200 | 3.82E+02 | 0.0038 | pb200 | 3.05E+02 | 0.0033 | bi203 | 1.36E+02 [ 0.0016 | hg197 | 1.99E+01 | 3.4E-04
bi207 | 2.84E+02 | 0.0029 | bi207 | 2.84E+02 | 0.0030 | pb201 | 1.13E+02 | 0.0013 t1200 1.87E+01 | 3.2E-04
ti199 2.16E+02 | 0.0022 tl202 | 2.07E+02 | 0.0022 | hg197 | 9.42E+01 | 0.0011 nb 95 | 1.22E+01 | 2.1E-04
ti202 2.11E+02 | 0.0021 t1199 1.25E+02 | 0.0013 ti204 | 9.32E+01 | 0.0011 zr 95 1.17E+01 | 2.0E-04
bi202 | 1.64E+02 | 0.0016 | hg197 | 1.11E+02 | 0.0012 | hg203 | 8.83E+01 | 0.0010 | po206 | 8.10E+00 | 1.4E-04
hg197 | 1.17E+02 | 0.0012 tl204 | 9.32E+01 | 0.0010 ti199 | 2.83E+01 | 3.2E-04 h 3 5.55E+00 | 9.4E-05
bi201 1.13E+02 | 0.0011 | hg203 | 8.92E+01 | 0.0010 | au195 | 2.09E+01 | 2.4E-04 | po208 | 3.03E+00 | 5.1E-05
pb199 | 1.03E+02 | 0.0010 ti198 | 4.60E+01 | 4.9E-04 | pb209 | 1.62E+01 | 1.9E-04 | au198 | 2.52E+00 | 4.3E-05
pb204m | 1.00E+02 | 0.0010 | au193 | 2.24E+01 | 2.4E-04 | po206 | 1.30E+01 | 1.5E-04 | pb200 | 1.76E+00 | 3.0E-05
14.0d 30.0d 182.0d
isotope | Activity |Fraction| isotope | Activity |Fraction| isotope | Activity |Fraction
(Ci) of total (Ci) of total (Ci) of total
all 4.55E+04 all 3.56E+04 all 1.61E+04
po210 | 3.62E+04 | 0.7958 | po210 | 3.37E+04 | 0.9444 | po210 | 1.57E+04 | 0.9752
bi210 | 6.56E+03 | 0.1441 bi210 | 7.18E+02 | 0.0202 | bi207 | 2.81E+02 | 0.0174
bi205 | 1.23E+03 | 0.0270 | bi205 | 5.96E+02 | 0.0167 ti204 | 8.51E+01 | 0.0053
bi206 | 8.38E+02 | 0.0184 | bi207 | 2.83E+02 | 0.0079 | au195 | 1.07E+01 | 6.6E-04
bi207 | 2.83E+02 | 0.0062 | bi206 | 1.44E+02 | 0.0040 | hg203 | 5.99E+00 | 3.7E-04
ti202 9.55E+01 | 0.0021 ti204 | 9.18E+01 | 0.0026 h 3 5.40E+00 | 3.4E-04
ti204 | 9.26E+01 | 0.0020 | hg203 | 5.74E+01 | 0.0016 | nb 95 | 3.45E+00 | 2.1E-04
hg203 | 7.28E+01 | 0.0016 1202 3.86E+01 | 0.0011 | po208 | 2.71E+00 | 1.7E-04
ti201 3.74E+01 | 8.2E-04 | au195 | 1.88E+01 | 5.3E-04 | zr 95 1.76E+00 | 1.1E-04
pb203 | 2.76E+01 | 6.1E-04 | nb 95 | 1.15E+01 | 3.2E-04 | bi205 | 6.13E-01 | 3.8E-05
au195 | 2.00E+01 | 4.4E-04 | zr95 | 9.11E+00 | 2.6E-04 | pt193 | 3.82E-01 | 2.4E-05
nb 95 | 1.21E+01 | 2.7E-04 h 3 5.53E+00 | 1.6E-04 | au194 | 1.12E-01 | 6.9E-06
zr 95 1.08E+01 | 2.4E-04 | po208 | 2.99E+00 | 8.4E-05 | hg194 | 1.12E-01 | 6.9E-06
h 3 5.55E+00 | 1.2E-04 | po206 | 1.32E+00 | 3.7E-05 | bi208 | 5.68E-02 | 3.5E-06
po206 | 4.67E+00 | 1.0E-04 | tl201 9.72E-01 | 2.7E-05 | ag110m | 2.73E-02 | 1.7E-06
hg197 | 3.23E+00 | 7.1E-05 | pt193 | 3.84E-01 | 1.1E-05 | tl202 2.41E-02 | 1.5E-06
po208 | 3.02E+00 | 6.6E-05 | pb203 | 1.63E-01 | 4.6E-06 | nb 95m | 2.07E-02 | 1.3E-06
au198 | 4.19E-01 | 9.2E-06 | au194 | 1.12E-01 | 3.1E-06 | pb202 | 1.71E-02 | 1.1E-06
pt193 | 3.84E-01 | 8.4E-06 | hg194 | 1.12E-01 | 3.1E-06 | po209 | 1.01E-02 | 6.2E-07
ti200 2.74E-01 | 6.0E-06 | nb 95m | 1.07E-01 | 3.0E-06 | tI206 4.37E-03 | 2.7E-07
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Table 19. Dose rate (mR/hr) calculations for the LBE cell 8 from the cylinder side at the

midpoint
Distance (cm) Time after shutdown (days)
1 7 14 30 182
1 4.1E10 1.7E10 1.0E10 4 9E9 1.1E9
30 2.8E9 1.2E9 7.1E8 3.3E8 7.2E7
60 8.5E8 3.6E8 2.2E8 1.0E8 2.2E7
90 4.1E8 1.7E8 1.0E8 4 9E7 1.0E7
120 2.4E8 1.0E8 6.2E7 2.9E7 5.9E6
150 1.6E8 6.8E7 4 1E7 1.9E7 3.9E6

Table 20. Dose rate (mR/hr) calculations for the LBE cell 8 from the cylinder face at the

axis
Distance (cm) Time after shutdown (days)
1 7 14 30 182
1 2.6E9 1.3E9 7.7E8 3.1E8 4 5E7
30 2.6E8 1.2E8 7.6E7 3.0E7 4. 5E6
60 7.5E7 3.6E7 2.2E7 8.9E7 1.3E6
90 3.5E7 1.7E7 1.0E7 4 1E6 6.0E5
120 2.0E7 9.6E6 5.8E6 2.4E6 3.4E5
150 1.3E7 6.2E6 3.8E6 1.5E6 2.2E5
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Figure 76. Schematic of the LBE system
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Figure 77. Expanded view of the LBE system
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Figure 78. Breakup scheme of the LBE target
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Decay Power Buildup as a Function of Irradiation Time
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Figure 79. Buildup of decay power in a bismuth, lead, and LBE cylindrical target
compared to cell 8
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Figure 80. Decay of radioisotope power for cell 8 as a function of time after shutdown
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Decay Fower Bulldup for Cell 9
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Figure 81. Buildup of decay power in cell 9 as a function of irradiation time
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Figure 82. Buildup of decay power in cell 3 as a function of irradiation time
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Radioactive Inhalation Hazard for Cell 8
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Figure 83. Radioactive inhalation hazard for cell 8 as a function of irradiation time
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Figure 84. Radioactive ingestion hazard for cell 8 as a function of irradiation time
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Fadioactive Inhalation Hazard for Cell 8
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Figure 85. Radioactive inhalation hazard for cell 8 as a function of decay time
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Figure 86. Radioactive ingestion hazard for cell 8 as a function of decay time
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Figure 87. Geometry for the dose rate calculations from the cylinder side (for Table 19)

Figure 88. Geometry for the dose rate calculations from the cylinder face (for Table 20)
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VIIl. Structural material temperature during loss of flow event

The decay heat within the liquid LBE inventory is much less than the decay heat
within the driver fuel of the subcritical multiplier. However, it is substantial enough to
warrant consideration to insure that the structural material temperature limits are not
exceeded during loss of flow event. These limits depend on the selected structural
material, the loading conditions, the normal operating temperature, and the nuclear
response parameters (gas production and atomic displacement) accumulated at the
time of the event. A detailed study will be required to define these limits and the
allowable stay time at each temperature level. A very conservative assumption is to
consider the maximum operating temperature during the normal operation as the limit
during the loss of flow event. Other design study [12] defined 800 °C as a limit for type
316SS during abnormal conditions for short period. This limit allows the system to re-
operate without target replacement.

The radiological analysis calculated the LBE decay power as shown in Figure 89
as a function of the time after shutdown. These calculations include the decay heat
generated due all types of nuclear interactions caused by the protons and the spallation
products in the LBE target inventory. The primary heat sinks for decay heat removal
from the liquid LBE are the back shine shield inside the beam tube shown in Figure 90,
the structural and shield components connected to the target system, the LBE inventory,
the LBE heat exchanger, and the gas surrounding the connective piping between the
target and the heat exchanger within the containment vessel. Radiation heat transfer
across the helium gap between the target inlet manifold and the guard tube is also
contributing.
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Figure 89. LBE decay power as a function of time after shutdown
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VIIl.1  Transient adiabatic heat-up for the LBE target

In order to evaluate the target performance during loss of flow event under very
conservative conditions without the use of an active engineering system, the adiabatic
heat-up of the LBE inventory and the surrounding structural components is used to
calculate the time for reaching the maximum normal operating temperature limit and the
800 °C limit. For this analysis, it is assumed that the proton beam is terminated at the
onset of loss of flow conditions. Since the final details of all LBE system components
have not been fully defined, the volume of the LBE and the volume of the surrounding
steel structure are treated as parametric variables. The temperature of the LBE and the
steel volumes are then evaluated as a function of time, LBE volume, and steel volume.
The transient temperature is evaluated using the energy balance for the target system,
shown in the following equation.
dT ge AToee

" pS eel Csteel Vsteel l

Piee Ciee Viee = Jgecay (1)

At the onset of the transient, the system is assumed to be in a fully isothermal
state, with an initial temperature of 220 °C. Fully adiabatic boundary conditions are
assumed. No credit is taken for radiation heat transfer to the guard vessel, convection
to the gas within containment vessel or natural convection within the LBE target. As
indicated by the notation in the above equation, the spatial dependence of the
temperature within each region is neglected and the average value is evaluated in these
calculations. Furthermore, in order to evaluate the transient heat-up of the system
analytically, the temperature of the LBE and steel components are assumed to remain in
an isothermal equilibrium throughout the transient (i.e., T ge(t) = Teeq(t)). This is a

conservative assumption since the heat capacity of the steel is much greater than the
heat capacity of the LBE, and actual adiabatic heat up time will be longer in the actual
system. Results of this analysis are shown for nine cases in Figure 91. These cases
are defined in Table 21 with respect to the LBE and steel volume.
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Figure 91. Adiabatic heat-up of the LBE target system
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Table 21. Definition of the different cases considered in the target temperature

calculation
Case LBE Volume (m®) Steel Volume (m?)
1 1.25 .625
2 2.5 1.25
3 5.0 2.5
4 1.25 0.3125
5 2.5 .625
6 5.0 1.25
7 1.25 .15625
8 2.5 .3125
9 5.0 .625

Case 5 is an approximation of the anticipated LBE target system configuration. For
this case, the average system temperature remains under the system temperature limit
of 550 and 800 °C for as long as 2 and 3 days following interruption of active heat
removal. It should be noted that this time would increase if the other heat sinks were
considered. Increasing the volume of LBE in the system reduces the volumetric heat
generation rate and, consequently, increases the time before the temperature limit is
reached. Increasing the volume of steel in the system increases the total heat capacity
of the system and also increases the time before the temperature limit is reached.

VIl.2 Transient heat-up with radiation heat exchange with the sodium pool
for the LBE target

Since most of the surface area of the target vessel is exposed to the guard vessel,
substantial radiation heat transfer should be expected between the LBE inventory of the
target and the sodium inventory of the surrounding SCM pool. Preliminary calculations
have been completed to evaluate the steady state temperature in the LBE target system
assuming that radiation heat transfer between the target vessel and guard vessel is the
primary heat transfer mechanism. These calculations use the LBE and steel volumes
used in case 5. The spatial dependence of the temperature within the LBE inventory
and the sodium inventory is neglected. The conductive resistance of the target vessel
walls and the guard vessel walls is neglected as well. However, radiation heat transfer
properties of the steel vessel walls are used in the radiation calculation. The gap
between the target vessel and guard vessel is treated as an idealized void with no
conduction or radiative absorption considered in this region. The sodium pool is
assumed to be at a uniform temperature of 370 °C and is treated as an infinite medium
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surrounding the target module. No credit is taken for natural convection within the LBE
inventory.

In order to solve the resulting transient energy balance equation, the decay heat
load is approximated using the functional representation qft) = 12484 - 2071.2In(t), where t

is time in days. The actual decay power from the radiological analysis and functional
representation of the decay heat are shown together in Figure 92 for comparison.
Calculated system temperatures assuming adiabatic heat-up and using the functional
representation of the decay power are shown in Table 22 as a function of time after
shutdown. Calculated system temperatures taking credit for radiation heat transfer
between the target and the sodium pool are shown in Table 22 and Figure 93 as a
function of time after shutdown.
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Figure 92. Comparison of the actual decay heat loads from the radiological calculation
and decay heat loads predicted by the functional fit used in heat transfer
evaluations

These calculations indicate that at significant lengths of time after shutdown of the
system, the temperature of the LBE inventory approaches the temperature of the
sodium pool as a result of radiation heat transfer from the guard vessel to the target
vessel. Until the temperature of the LBE inventory approaches the temperature of the
sodium inventory, radiation heat exchange between the target and the sodium pool
increases the heat-up rate above that seen in the adiabatic case. When the
temperature of the LBE inventory exceeds the temperature of the sodium pool, the heat-
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up rate is reduced by the radiation heat exchange. After approximately 8 days, the LBE
inventory temperature reaches a peak value of approximately 752 °C (1025 K) and
begins to decrease.

Table 22.  Comparison of predicted temperatures of the LBE inventory with and
without consideration of radiation heat exchange between the LBE target
and the sodium pool

Time (Days) Temperature (C) — Without Temperature (C) — With
Radiation Heat Exchange Radiation Heat Exchange
1 410 415
2 564 549
3 704 640
4 834 695
5 957 727
6 1074 741
7 1187 747
8 1296 747
9 1402 745
10 1505 741
800
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by
=
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Figure 93. Temperature of the LBE inventory as a function of time after shutdown with
consideration of radiation heat exchange with the sodium pool
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In conclusion, the management of decay heat in the ADTF LBE target concept may
not require an active engineering system for the decay heat removal. Adiabatic heat up
calculations provide a worst-case evaluation of the amount of time that the target can be
maintained in operable condition with the loss of active cooling capacity in the LBE
system. These evaluations indicate that at least two days without active heat removal
are required for the LBE inventory and surrounding structural steel to reach the
maximum allowable temperature during normal operation. After ~8 days, the maximum
temperature reaches 752 °C and it starts going down when the heat transfer by radiation
is considered. Upon finalization of the LBE loop layout, additional credit can be taken
for the thermal inertia of the target system, which will provide further improvements for
the adiabatic analysis.

IX. Subcritical multiplier performance parameters

The MCNPX geometrical model of the lead-bismuth target design and the
subcritical multiplier with the vertical proton beam mentioned in section Illl was also used
to define the neutron flux, the energy deposition, and the radiation damage parameters
in the lower grid. The model has EBR-Il Mark-IIl driver fuel and 5 MW beam power.
The fuel loading is adjusted to provide a total power deposition of 100 MW in the target
and the subcritical multiplier. Figure 94 shows the spatial distribution of the fast neutron
flux in the target and the fuel zone for neutrons in the energy range of 0.1 to 20 MeV.
The proton beam radius is ~8 cm and the buffer thickness is 7 cm. The inner and outer
fuel radii are 15 and 25 cm, respectively. The peak fast flux is about 3 x 10" n/cm?/s.
The spatial distribution of high-energy neutrons above 20 MeV is shown in Figure 95
with the fuel peak value of 2 x 10" n/cm?/s. The high-energy neutron flux is less than
1% of the total flux. The energy spatial deposition distribution is shown in Figure 96.
The power distribution shows clear distinction between the proton beam, the target
buffer, and the fuel boundaries. The peak energy deposition in the fuel zone is 800
W/cm?®. Figure 97 shows the proton flux spatial distribution, which is diminishing very
fast outside the beam boundary.

Another MCNPX geometrical model for the lead-bismuth target design and the
subcritical multiplier with a vertical proton beam was developed to assess the nuclear
responses in the grid plate. The target details are also included in the model. The
structure material for the reflector and the target is type 316SS. However, the nuclear
responses are calculated for iron. The beam power is 5-MW using 600 MeV protons.
The current density is 40 pA/cm?. The fuel volume was adjusted to yield 100 MW from
the whole system. In this analysis, the reflector composition is 85% type 316SS and
15% sodium. In the multiplier design, the bottom and top reflector may utilize more
sodium fraction to minimize the pressure drop in the reflector zones. This will insure
adequate mass flow rate to cool the fuel zone without increasing the system pressure.
EBR-II reflector has a steel fraction in the range of 54 to 56%. In this analysis, the
results are given as a function of the reflector thickness as shown in Figures 98 and 99.
The atomic displacement rate is shown in Figure 98, which is normalized to full power
year. Also, the helium and hydrogen gas generation rates are similarly given in
Figure 99.
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Based on the helium production, type 316SS can operate up to 20 appm of
helium without concern about the irradiation damage. Operating at higher values is
possible when the change in the mechanical properties is considered in the structural
design process of the grid. The above range of helium production requires about 40 cm
of the reflector material based on Figure 98 results, which is very close to the 50 cm
reflector thickness of EBR-II design. If EBR-Il reflector design is used, the required
reflector thickness is 60 cm. This thickness is needed in the area under the target zone.
However, under the fuel zone, the helium production rate is less, which requires less
thickness to protect the grid plate.
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Figure 94. SCM-100 fast neutron flux (0.1 to 20 MeV) n/cm?%s with the lead-bismuth
target
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Figure 95. SCM-100 high-energy neutron flux (above 20 MeV) n/cm?%s with the lead-
bismuth target
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X. Conclusions

An LBE target design has been developed successfully for the SCM station of the
ADTF. Target design objectives and constraints were defined and utilized to satisfy
different engineering requirements and to minimize the design development time and
cost. The ADTF mission and goals did define some of the target objectives. Physics,
heat-transfer, hydraulics, structural, radiological, and safety analyses were iterated to
develop the current target design.

The design is based on a coaxial geometrical configuration to minimize the target
footprint and to maximize the utilization of the spallation neutrons. The target is installed
vertically along the SCM axis. LBE is the target material and the target coolant. Ferritic
steel (HT-9) is the selected structural material for the target based on the current
database and the design analyses. Austenitic steel (Type 316SS) is the backup choice.
A uniform proton beam is employed to perform the spallation process. The proton beam
has a total current of 8.33 mA with a radius of 8.14 cm resulting in a current density of
40 pAlcm?. The beam power is 5 MW and the proton energy is 600 MeV. The beam
tube has a 10-cm radius to accommodate the halo current. A hemi-spherical geometry
is used for the target window, which is connected to the beam tube. A conical target
window with a rounded tip is also considered since it has a lower average temperature
relative to the hemispherical geometry. The beam tube is enclosed inside two coaxial
tubes to provide inlet and outlet manifolds for the LBE target coolant. The inlet and the
outlet coolant manifolds and the proton beam are entered from the top above the SCM.

The target geometrical configuration has been carefully designed to insure
adequate coolant velocity for cooling the target structural material and to enhance the
LBE flow stability. Detailed MCNPX geometrical models for the target and the
subcritical multiplier have been developed to calculate the nuclear responses in the
structural material for the design process. Also, these models are used to generate the
energy deposition and flux contour maps, to calculate the nuclear responses in the
structural material, to optimize the target design parameters for satisfying the mission
and the design goals of the ADTF.

The neutrons for the subcritical multiplier are generated from the spallation process
driven by the 600-MeV proton beam. A small LBE buffer between the target and the
SCM is utilized based on design optimization to reduce the irradiation damage in the fuel
elements from the scatter protons and the high-energy neutrons, to provide an adequate
manifold for the LBE coolant, and to maximize the spallation neutron fraction of the
subcritical multiplier. A special attention has been given to the target window design to
enhance its lifetime. The window volumetric heating is about 766 W/cm?® relative to 750
W/cm?® in LBE for the 40-pA/cm? current density. The results show that the nuclear
heating from the proton beam diminishes at about 32 cm along the beam axis of the
LBE target material. In the structure material outside the 7-cm LBE buffer, the neutron
contribution to the atomic displacement is in the range of 98 to ~100% and the proton
beam contribution to the helium production is less than 3.5%. In the window, the
neutrons are responsible for 69% of the atomic displacement and the protons are
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generating more than 96% of the gas production rate. The proton contribution to the
gas production vanishes outside the beam path.

Thermal hydraulic analyses were performed to define the velocity distribution and
the flow stability of the lead-bismuth eutectic as well as the temperature distribution in
the target structure and the target coolant. The hydraulic results were used to update
the geometrical configuration and to improve the flow stability. Parametric analyses
were performed and iterated with the other design analyses to define the reference
geometrical configuration. The thermal hydraulics results show that the outlet
temperature of LBE is 280°C for an inlet temperature of 200°C. The LBE average
velocity is 2 m/s and the total pressure drop is ~32 psi. The peak temperatures on the
adiabatic and the wetted surfaces of the beam window are 502 °C and 341 °C,
respectively, for the 3.5-mm thick beam window.

Structural analyses were performed parametrically in conjunction with the thermal
hydraulics to check the design compliance with the stress and the buckling design
criteria developed for the Accelerator Production of Tritium project and the International
Thermonuclear Experimental Reactor for irradiated structural materials. Also, the results
are used to select the shape and the thickness of the beam window to maximize the
engineering margins. The results show that the target structure including the beam
window satisfies the structural design criteria for irradiated HT-9 with 72 dpa. This level
of irradiation will allow the target to operate for more than full power year. However,
most of the HT-9 database is obtained from fission irradiation, which needs to be
confirmed for the target operating conditions including the influence of the high-energy
neutron and the proton fluxes.

Radiological analyses were performed to define the spallation products. These
products define the radiological toxicity and the decay heat source from LBE as a
function of the time after shutdown. The design analyses utilize the decay heat source
to check the design performance during abnormal conditions with respect to the
maximum allowed temperature for the structural material. Also, the dose rate from the
gamma rays of the LBE spallation products was calculated to define the required input
for calculating the appropriate time and the shielding requirements for maintaining the
target system. The loss of flow analysis show that the management of the decay heat in
the ADTF LBE target design may not require an active engineering system for the decay
heat removal.
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Appendix A

Input file generation for ANSYS analysis

Program cone_gen
c program generates a model of the adtf conical window
parameter (NODES=1800) ! must be greater than the max node number
dimension X(NODES), Y(NODES), T(NODES)
integer el
character*10 title
¢ write out the ANSYS deck
write(6,*) '/batch’
write(6,*) '/filnam, atdf'
write(6,%) '/prep7’
write(6,*) 'l axisymmetirc without extra displacement’
write(6,*) 'et,1,42,,1,1'
write(6,%)
¢ the constant material properties (Young’s Modulus, Poisson’s Ratio, Coeff. of Therm.
¢ Expansion) below are redefined as temperature-dependent (see Fig 9-13)
write(6,”) 'mp, ex ,1, 1.951e+12'
write(6,*) 'mp, nuxy ,1, .3'
write(6,”) 'mp, alpx,1, 15.9e-6'
write(6,*) 'mp, reft ,1, 294.0'
write(6,%)
write(6,*) 'mat,1'
write(6,%) 'type,1'
10 format ('n, 'i6,', ',f13.6,", ', f13.6,", ',f13.6)
20 format('e, ', 3(i6,", "),i6)
30 format('bf, ", i6, ', TEMP,',f13.6)
ny =103 ! number of elements along the y axis (from the CFD)
nx =16 ! number of elements through the thickness
numnp = (ny+1)*(nx+1) ! max node number
c readinthe (X,Y,T) data obtained from Argonne Lab
read(5,'(@10)') title
z=0.0
write(6,) 'l nodal points'
don=1, numnp
¢ note: switching the X and Y for the ANSYS model
read(5,*) Y(n), X(n), T(n)
write(6,10) n, x(n), y(n), z
enddo
write(6,*) 'save'
c create axisymmetric model of the window/cylinder
el =1
write(6,*) "l elements '

)
*

(2] e>Ne>Ne))

)
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(@)

write(6,*) 'numstr,elem, ',el ! set the element starting number
doi=1,ny

doj=1, nx

n1 = (i-1)*(nx+1) +

n2=n1+1

n3 = n2 + (nx+1)

n4 =n3 -1

write(6,20) n1,n2,n3,n4

enddo

enddo

write(6,%)

write(6,*) 'allsel’

write(6,”) "' Nodal point temperatures from Argonne'
write out the temperatures at each node point
do n =1, numnp

write(6,30) n, T(n)

enddo

write(6,*) 'l boundary conditions'

create the boundary conditions

at free end fix y displacement (cylinder end)
write(6,¥) 'nsel,s,node,, ',1, "), nx+1

write(6,*) 'd,all,uy’

fix radial displacement at the center of cone
write(6,*) 'nsel,s,node,, ',numnp-nx, ',",numnp
write(6,%) 'd,all,ux’

write(6,*) 'allsel’

write(6,¥) 'save’

write(6,*) finish'

start the solution module

write(6,*) '/solu’

write(6,¥) 'antype,static’

write(6,*) 'solve'

write(6,%) 'save’
write(6,*) finish'
write(6,*) '/exit'
end

to compile type "f77 model_gen.f" to generate output file
place the new file "argonne.node" in the working directory
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Appendix B

LBE pressure calculation at the beam window

Pressure State at the Conical/Spherical Window Level

hﬂuid :=8.07h

Tﬂuid 1= 550K

m
g =9.807—
S2

k
Vo = 10738.005E — 13756238 [T,
m3 m3EB§

K
Viluig = 9981 10°~2
m3

Phead *= YuidBuid &

Phead = 7.899% 10° Pa
Phead = 0.79MPa

Phead = 1 1457psl
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Appendix C

Critical buckling load calculation for the type 316SS target structure
SPHERICAL SHELL (5mm) UNDER EXTERNAL PRESSURE

min. required thickness of formed

t:=0.003h (hemispherical) head, in
R, :=0.105mh the outside radius of hemispherical head, in
Tk := 800K
_ 3
Tg = 1.44x 10°R Maximum average temperature
through the window wall
TF = TK - 460R
T = 980R Temperature value on Fahrenheit scale
Step 1: A= 0125
Ro )
t)
A =0.00595
Step 2 and 3- _ B value at 1000F extrapolated from the B value at 800F
P | Bg3ier = 4985.6 using the same rate change of B as for 600-800F
Bg 16 := 9500 From Fig. HA-2 for SS316 at Tavg=1000 F
Step 4: B
P16l = _s316L Allowable external pressure for spherical
Ro\ 5mm-SS316L-wall window is higher than the
T} working pressure of 114.57psi. The window

satisfies ASME buckling criteria.

Pas316L =237.41

B
P16 316 Allowable external pressure
Ro\ for spherical 5mm-SS316-wall window is higher
T) than the working pressure of 114.57psi. The

window satisfies ASME buckling criteria.
Pa5316 =452.381

P = Phead
working pressure at the window level

P =114.57psi
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Step 1:

Step 2 and 3:

Step 4 and 5:

Step 6:

CONICAL SHELL (5mm) UNDER EXTERNAL PRESSURE

o :=45[deg

t, 1= 0.005h

Dy :=0.210dh

D, := 0l

L, :=0.1001h

()2
2) Dy )

L. =0.05m

te =t [dos (O()

t,=3.536x 10 °m

R, = ke
' R, = 0.238
Dp
Ry:= T R, = 59.397
Aone = 0.015

Beonesssisr 1= 6950

Beone1000 := Beonessa 162
Beonel000 = 5.699% 10°

Beonesssie := 10000

Bcone] 000

Pacss3isr = 49@
3 R
te )

Pacss3ter = 127.93

Beonesssie

Pacss3is 3249@
3 _
te )

PacSS316 =224.478

cone angle as defined per AD-300.10of Ref.1
(Ref. 1: D-3 of Section VI, Division 2)

minimum required thickness of cone at
cone-to-cylinder junction, in

OD of large end of conical section, in
OD of small end of conical section, in

axial length of cone, in (per Fig. AD-300.10f Ref.1]

equivalent length of conical section, in

effective thickness of conical section, in

ratio R2 greater than 10

From Fig G of Ref.1 for R1 and R2

From Fig. HA-4 for SS316L at Tavg=800 F

B value at 1000F extrapolated from B at 800F

From Fig. HA-2 for SS316 at 980 F

Allowable external pressure

for conical 5mm-SS316-wall window is higher
than the working pressure of 114.57psi. The
window satisfies ASME buckling criteria.

Allowable external pressure

for conical 5mm-SS316-wall window is higher
than the working pressure of 114.57psi. The
window satisfies ASME buckling criteria.
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Step 1:

Step 2 and 3:

Step 4 and 5:

Step 6:

CYLINDRICAL SHELL (5mm) UNDER EXTERNAL PRESSURE

tey1 :=0.005h
Ley1 :=8.070h
Dycy1 :=0.210h
R W Lcyl
leyl» Doeyi  Riey = 38429

Docyl

RZCyl = Rchl =42
cyl

Acy1 :=0.0006
Beyiss3ieL := 5250 From Fig. HA-4 for SS316L at 530 F

From Fig. HA-2 for SS316L at 530 F
Beyiss3ie := 7050

P _ Beyissaier
1SS316L -~
- Docyl\ Allowable external pressure
3 teut ) for cylindrical 5mm-SS316L-wall target is higher
cy

than the working pressure of 114.57psi. The

window satisfies ASME buckling criteria.
PacyissaieL = 166.667

B
cylSS316 Allowable external pressure

Pacyisssie =
acy Docyl\ for cylindrical 5mm-SS316-wall target is higher
3 teu] ) than the working pressure of 114.57psi. The
& window satisfies ASME buckling criteria.

Pacyisssie = 223.81

L Docyl
Ocyl := PacyisszteL H——

2 mcyl

eyt =3.5% 10°

120



SPHERICAL SHELL (4 mm) UNDER EXTERNAL PRESSURE

t 1= 0.004h
R, :=0.105mh
Ty := 740K

Tg = 1.332x 10°R
TF = TK - 460[R
Tr = 872R

0.125

Step 1: A= ——
Ro)
t)

A, = 0.00476
Step 2 and 3: Bg3 6 = 5833
Bsooo := Bs3161. 'y
Byogo = 5.308% 10°
BS316 = 9850
Step 4:
P Bgooo

t)

Pas316L =202.211

Pas3t6L 3:@

Bssis

P36 :=

63
Pas316 =3 5t2g8

min. required thickness of formed
(hemispherical) head, in

the outside radius of hemispherical head, in

Maximum average temperature
through the window wall

Temperature value on Fahrenheit scale

From Fig. HA-4 for SS316L at Tavg=800 F

B value at 900F extrapolated from the B value at 800F
using the same rate change of B as for 600-800F

From Fig. HA-2 for SS316 at Tavg=880 F

Allowable external pressure

for spherical 4mm-SS316L-wall window is higher
than the working pressure of 114.57psi. The
window satisfies ASME buckling criteria.

Allowable external pressure

for spherical 4mm-SS316-wall window is higher
than the working pressure of 114.57psi. The
window satisfies ASME buckling criteria.
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Step 1:

Step 2 and 3:

Step 4 and 5:

Step 6:

CONICAL SHELL (4 mm) UNDER EXTERNAL PRESSURE

o :=45[deg

t,:= 0.0041h

Dy :=0.210dh

D; :=0lh

L, :=0.100dh

L.:= [&\Eél + E\
2) Dy )

L. = 0.05m

te :=t,[dos (0()

t,=2.828x 10 °m

LC
R] =
Dy R, = 0.238
Dg,
Ry:= N R, = 74.246
A one := 0.01

BconeSS316L = 6600

Beoneooo = BeonessstsrL.T1

Boneo0o = 6.006% 10°
BconeSS316 :=10400

Bcone900

Pacss3ter = 4BT\
3 —=
[ﬁ te )

PacSS316L =107.857

Beoness3is

Pocss3ie ::4BT\
3 &
Eg te )

Puessii = 186.766

cone angle as defined per AD-300.10f Ref.1
(Ref. 1: D-3 of Section VIII, Division 2)

minimum required thickness of cone at
cone-to-cylinder junction, in

OD of large end of conical section, in
OD of small end of conical section, in

axial length of cone, in (per Fig. AD-300.10f Ref.1)

equivalent length of conical section, in

effective thickness of conical section, in

ratio R2 greater than 10

From Fig G of Ref.1 for R1 and R2

From Fig. HA-4 for SS316L at Tavg=800 F

B value at 900F extrapolated from the B value at 800F
using the same rate change of B as for 600-800F

From Fig. HA-2 for SS316 at 880 F

Allowable external pressure

for conical 4mm-SS316L-wall window is lower
than the working pressure of 114.57psi. The
window does not satisfy ASME buckling criteria.
The wall needs to be thickened.

Allowable external pressure

for conical 4mm-SS316-wall window is higher
than the working pressure of 114.57psi. The
window satisfies ASME buckling criteria.
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Step 1:

Step 2 and 3:

Step 4 and 5:

Step 6:

CYLINDRICAL SHELL (4 mm) UNDER EXTERNAL PRESSURE

tey1 1= 0.004h
Ley1 :=8.07th
Dycy1 1= 0.210h
R __ Lcyl
N Doyt Riey = 38429

Docyl

RZCyl = Rchl =525
cyl

Acy1:=0.00023
Beyiss3ier -= 2833 From Fig. HA-4 for SS316L at 530 F

From Fig. HA-2 for SS316L at 530 F
Beyiss3ie := 2840

P _ Beyissaier
1SS316L -~
- 3 Docyl\\ Allowable external pressure
teu] ) for cylindrical 4mm-SS316L-wall target is lower
cy

than the working pressure of 114.57psi. The
cylinder does not satisfy ASME buckling criteria.

Pacyisssier, = 71.949 The wall needs to be thickened.

B
cylSS316 Allowable external pressure

Pacyisssie -=
acy 3[€ Docyl\ for cylindrical 4mm-SS316-wall target is lower

teut ) than the working pressure of 114.57psi. The
< cylinder does not satisfy ASME buckling criteria.

The wall needs to be thickened.
Pocyisszie = 72.127
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SPHERICAL SHELL (3 mm) UNDER EXTERNAL PRESSURE

t := 0.003h
R, :=0.105mh
Ty := 700K

Tg = 1.26% 10°R
TF = TK - 460R

T = 800R

A =0.00357
Step 2 and 3: Bgss3ier, = 5600
Bgsssie = 9750
Step 4:

PasssateL i=

o

Passs3ier, = 160

Bgsssie

o

PasSS316 =278.571

Passsats =

P = Phead

P = 114.57psi

BgsssieL

min. required thickness of formed
(hemispherical) head, in

the outside radius of hemispherical head, in

Maximum average temperature
through the window wall

Temperature value on Fahrenheit scale

From Fig. HA-4 for SS316L at Tavg=800 F

From Fig. HA-2 for SS316L at Tavg=800 F

Allowable external pressure for spherical
3mm-SS316L-wall window is higher than the
working pressure of 114.57psi. The window
satisfies ASME buckling criteria.

Allowable external pressure for spherical
3mm-SS316-wall window is higher than the
working pressure of 114.57psi. The window
satisfies ASME buckling criteria.

working pressure at the window level
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CONICAL SHELL (3 mm)UNDER EXTERNAL PRESSURE

o :=45[deg

t, 1= 0.003h

Dy :=0.210dh

D, :=0lh

L, :=0.100h

()2
2) Dy )

L. =0.05m

te =t [dos (O()

t,=2.121x 10 °m

Le

Step 1: R, i=—
Dy R, = 0.238

Dy

R2 =

R, = 98.995

Step2and 3: A_ .:=0.007

Step 4 and 5: Beoness3 6L := 6250

Beonesssie := 10500

Beoness3isL

Pacssster =4 [ﬁDL\\
3 R
te )

Step 6:

Pacssster = 84.179

Beonesssie

Pacsssie 3249@
3 R
te )

PacSS3l6 =141.421

P = 114.57psi

cone angle as defined per AD-300.10f Ref.1
(Ref. 1: D-3 of Section VI, Division 2)

minimum required thickness of cone at
cone-to-cylinder junction, in

OD of large end of conical section, in
OD of small end of conical section, in

\

axial length of cone, in (per Fig. AD-300.10f Ref.1]

equivalent length of conical section, in

effective thickness of conical section, in

ratio R2 greater than 10

From Fig 3 of Ref.1 for R1 and R2

From Fig. HA-4 for SS316L at 800 F

From Fig. HA-2 for SS316 at 800 F

Allowable external pressure

for conical 3mm-SS316L-wall window is lower
than the working pressure of 114.57psi. The
window does not satisfy ASME buckling criteria.
The wall needs to be thickened.

Allowable external pressure

for conical 3mm-SS316-wall window is higher
than the working pressure of 114.57psi. The
window satisfies ASME buckling criteria.

working pressure at the window level
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Step 1:

Step 2 and 3:

Step 4 and 5:

Step 6:

CYLINDRICAL SHELL (3 mm) UNDER EXTERNAL PRESSURE

tey1 1= 0.003h
Loyt := 8.07n
Dyeyt := 02100
R __ Lcyl
teyl - Docyl Rlcyl =38.429

Docyl

RZCyl i Rchl =70
cyl

Acy1:=0.00023
Beyisssier -= 2833 From Fig. HA-4 for SS316L at 530 F

From Fig. HA-2 for SS316L at 530 F
Beyissaie := 2840

P _ Beyissaier
1SS316L -~
- 3 Docyl\ Allowable external pressure
teut ) for cylindrical 3mm-SS316L-wall target is lower
cy

than the working pressure of 114.57psi. The
window does not satisfy ASME buckling criteria.

Pacyiss3ier, = 53.962 The wall needs to be thickened.

B
cylSS316 Allowable external pressure

P =
evISSIe Docyl\ for cylindrical 3mm-SS316-wall target is lower
3 eyl ) than the working pressure of 114.57psi. The
window does not satisfy ASME buckling criteria.
The wall needs to be thickened.

Pacyissste = 54.095
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Appendix D

ANSYS input file for the nonlinear buckling analysis of the hemi-spherical window

/batch

/filnam,nlbwt_si35

/prep7

/color,pbak,0 I Change the background colour

I 4-node finite strain shell

et, 1,181

R,1,0.35,,,,,, I sphere wall-thickness is 3.5 mm
RMORE,,,,,,,

R,2,0.425,0.35,0.35,0.425,0,0, ! transition from 3.5 to 4.25 mm (sphere)
RMORE,0,0,0,0,0,0,

R,3,0.5,0.425,0.425,0.5,0,0, I transition from 4.25 to 5.0 mm (cyl)
RMORE,0,0,0,0,0,0,

R,4,05,,,,,, I cylinder wall-thickness is 5 mm
RMORE,,,,,,,

I Temp-dependent (Celzius scale) MPs for HT9 steel
mptemp,1,149,204,260,316,371,427

I Alpha of HT9 (in/in/C)
mpdata,alpx,1,1,1.17e-5,1.20e-5,1.22e-5,1.24e-5,1.26e-5,1.28e-5

I'E (MPa) vs T(C)
mpdata,ex,1,1,1.92e5,1.88e5,1.84e5,1.80e5,1.77e5,1.70e5

IPoisson (SS316L) vs T(C)
mpdata,nuxy,1,1,0.302,0.307,0.311,0.316,0.320,0.324

I Reference Temperature in "C" of 70F
mp, reft ,1, 21.1

I Stress-Strain of HT-9 at 0 dpa (Bilinear Kinematic Hardening)
TB,BISO,1,4,2,

TBTEMP,400

TBDATA,,673,677,,,,

TBTEMP,450

TBDATA,,516,630,,,,

TBTEMP,500

TBDATA,,508,590,,,,

TBTEMP,550

TBDATA,,405,500,,,,

mat, 1
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type, 1
real,1

csys,1

cylend=-210 ! effective length of the 8 m-long cylinder (cm)
K,1,10.325,0,0,

K,2,10.325,90,0,

csys,0

K,3,cylend,10.325,0,

K,4,0,0,0,

K,5,cylend,0,0,

larc,1,2,4,10.25,
Istr,2,3

AROTAT,all, , , , , ,4,5,360, ,
kdele,4,5,1

esize,1,0,
amesh,all

Iredefining the sphere-cylinder transition
NSEL,S,LOC,X,0,1

ESLN,S,1

CM,sphere,ELEM

EMODIF,sphere,REAL,2, ! 3.5 mm to 4.25 mm

NSEL,S,LOC,X,-1,0

ESLN,S,1

CM,cyl,LELEM

EMODIF,cyl,REAL,3, 14.25 mm to 5.0 mm

NSEL,S,LOC,X,-1,cylend

ESLN,S,1

cm,cyl5,elem

EMODIF,cyl5,REAL 4, 1'5.0 mm-wall cylinder

I Boundary Conditions
NSEL,S,LOC, X,cylend, cylend-1
D,all,ux

D,all,uy

D,all,uz

allsel
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! Pressure and Thermal Load
sf,all,pres,-0.7899 ! External Pressure (MPa)
allsel

NSEL,S,LOC,X,cylend,0.0
ESLN,S,1

cm,lowt,elem
bfe,all,temp,1,277

NSEL,S,LOC,X,-1.2,4.0
ESLN,S,1

cm,midt,elem
bfe,all,temp,1,300

NSEL,S,LOC,X,2.5,10.325
ESLN,S,1

cm,hight,elem
bfe,all,temp,1,500,335

allsel
eplot
save

/SOLU

ANTYPE,STATIC I STATIC ANALYSIS

PSTRES,ON I CALCULATE PRESTRESS EFFECTS
OUTPRall,all,

SOLVE

FINISH

/SOLU

ANTYPE,BUCKLE ! BUCKLING ANALYSIS
BUCOPT,SUBSP,3 ! mode extraction - subspace iteration method
SOLVE

finish

/solu

EXPASS,ON

MXPAND ! EXPAND 3 MODE SHAPE
OUTRES,all,ALL

SOLVE

finish

I Nonlinear buckling analysis

/prep7
upgeom,0.005,1,1,nlbwt_si35,rst
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/solu
I***Set Solution Controls
antype,static

*k%

outres,all,all

outpr,basic,none

kbc,0 ! Ramped load

autots,on

deltim,0.1,0.01,1

nlgeom,on

Insrch,on

time, 1 I First LS: Temp OFF and working press=- 0.79MPa

sf,all,pres,-0.7899
bfe,all,temp,1,21.1 ! Ref. temperature

allsel

Iswrite,1

time,2 I Second LS: Temp ON and working pressure
NSEL,S,LOC,X,cylend,0.0

ESLN,S,1

cm,lowt,elem
bfe,all,temp,1,277

NSEL,S,LOC,X,-1.2,4.0
ESLN,S,1

cm,midt,elem
bfe,all,temp,1,300

NSEL,S,LOC,X,2.5,10.325
ESLN,S,1

cm,hight,elem
bfe,all,temp,1,500,335

allsel
Iswrite,2

time,3 I Third LS: With Temp ON ramp up the pressure
sf,all,pres,-10

allsel

Iswrite,3

Issolve,1,3,1 ! Solve all three load steps

save
finish
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Appendix E

Allowable HT-9 stresses

The Supplemental Structural Design Requirements developed for the Accelerator
Production of Tritium Program contain rules for developing allowable stresses for the
structural design of the APT target-blanket components, APT SSDR [A]. These rules
consider the degradation of the material properties due to irradiation effects from
protons and spallation neutrons. These rules were developed since the standard design
codes, i.e., ASME Boiler and Pressure Vessel Codes (e.g., Sections Il or VIII), do not
account for irradiation effects.

The irradiation spectrum of the ADTF target system is expected to be similar to that
of the APT. However, the window temperatures will operate at much higher
temperature, ~500 °C, than the operating temperature of the APT target, up to ~200 °C.
Irradiation data generated for APT structural materials from irradiation experiments
conducted in the Los Alamos Neutron Science Center (LANSCE) proton facility were
obtained up to a maximum temperature of 165 °C [B]. Therefore, these data cannot be
used directly in assessing higher temperature proton/neutron irradiation effects on
structural materials for the ADTF Target Beam Window.

Except for the much faster decreases in tensile uniform elongation observed for
materials irradiated in the LANSCE proton/spallation-neutron irradiation spectrum
compared to those observed from irradiations conducted in a fission reactor neutron
spectrum, effects on the tensile strength behavior of several APT structural materials at
irradiation temperatures up to ~165 °C have been shown to be similar to effects
produced in a fission neutron spectrum at such temperatures [B]. Therefore, fission
reactor neutron irradiation data for tensile properties of several candidate ADTF target
window materials irradiated (and tested) at temperatures in the range of 400 °C to
600 °C have been utilized to make preliminary estimates of allowable stresses for sizing
target components. These calculations have been made with proper regard to the faster
decreases in tensile elongation values observed for materials irradiated in a
proton/spallation-neutron spectrum. The candidate materials assessed include types
316SS and 304SS, the precipitation-hardened nickel-base alloy, Alloy 718, and the
ferritic/martensitic steel, HT-9 (Fe-12Cr-1MoWYV). It should be noted, however, that
these calculations are solely based on changes in tensile properties, and have not
included the effects of thermal creep, fatigue, etc.

The rules in the APT SSDR were utilized to calculate the limiting allowable
stresses for primary membrane stresses (Sp), primary plus secondary membrane
stresses (S¢), and primary plus secondary membrane and bending stresses (Sy2) based
on tensile properties (yield strength, ultimate strength, uniform elongation, and reduction
of area) obtained on materials irradiated in the range of ~300 °C to 600 °C. Minimum
irradiated yield strength or ultimate strength are used in the calculation of Sy, minimum
irradiated ultimate strength and uniform elongation are used for calculating S, and
minimum irradiated ultimate strength and reduction of area are used for calculation of
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Sq2. Below uniform elongation values of 2%, Se and S4, are solely a function of
minimum irradiated ultimate strength.

HT-9 fission reactor neutron irradiation data indicate that for irradiation (and test)
temperatures between 400 °C and 450 °C up to neutron doses of ~72 dpa, the yield and
ultimate strengths for this alloy increase slightly, while values for higher irradiation
temperatures (~450 °C to 600 °C) remain about the same as for unirradiated material [D,
E, and F]. HT-9 uniform elongation values are only slightly above ~2% for unirradiated
material and these values are decreased by neutron irradiation. Based on the lower
bounds for the yield strength and the ultimate strength data [C and D] and assuming
uniform elongation values of less than 2% for unirradiated and irradiated material,
values for S,,, Se, and Sy, were calculated at 400 °C, 450 °C, and 550 °C as shown in
Table 7.
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